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ABSTRACT 
Cory James Flynn: Understanding the Synthesis, Performance, and Passivation of Metal Oxide 
Photocathodes 
(Under the direction of James Cahoon) 
 
Metal oxides are ubiquitous in semiconductor technologies for their ease of synthesis, 
chemical stability, and tunable optical/electronic properties. These properties are especially 
important to fabricating efficient photoelectrodes for solar-energy applications. To counter 
inherent problems in these materials, new strategies were developed and successfully 
implemented on the widely-utilized p-type semiconductor, NiO. 
As the size of semiconductor materials shrink, the surface-to-volume ratio increases and 
surface defects dominate the performance of the materials. Surface defects can alter the optical 
and electronic characteristics of materials by changing the Fermi level, charge-carrier mobility, 
and surface reactivity. We first present a strategy to increase the electrical mobility of 
mesoporous metal oxide electrode materials by optimizing shape morphology. Transitioning 
from nanospheres to hexagonal nanoplatelets increased the charge-carrier mobility by one order 
of magnitude.  
We then employed this improved material with a new vapor-phase deposition method 
termed targeted atomic deposition (TAD) to selectively passivate defect sites in semiconductor 
nanomaterials. We demonstrated the capabilities of this passivation method by applying a TAD 
of aluminum onto NiO. By exploiting a temperature-dependent deposition process, we 
iv 
selectively passivated the highly reactive sites in NiO: oxygen dangling bonds associated with Ni 
vacancies. The TAD treatment completely passivated all measurable surface defects, optically 
bleached the material, and significantly improved all photovoltaic performance metrics in dye-
sensitized solar cells. The technique was proven to be generic to numerous forms of NiO. 
While the implementation of TAD of Al was successful, the process involved pulsing two 
precursors to passivate the material. Ideally, the TAD process should require only a single 
precursor and continuous exposure. We utilized a continuous flow of diborane to perform a TAD 
of B onto NiO. The TAD process was successfully implemented in a simplified manner. The 
treatment moderately increased DSSC performance and proved viability with a different vapor-
phase precursor. 
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Chapter 1: INTRODUCTION 
 
1.1 Broader Impacts 
The world’s demand for energy has continuously increased for more a century1. 
Comparing the world’s energy consumption from the 1980’s to the 2010’s shows a 1.7-fold 
increase in energy production in the last thirty years (see Figure 1.1.)2. A significant portion of 
the new energy demand stems from the rise of the Chinese, Indian, and African nations3 as they 
undergo the transformation from rural economies to that of the modern, industrial, and 
mechanized economies2. Forecasts for energy demand expect this trend to continue4. 
 
 
Figure 1.1. Historical Trends for Primary Energy Consumption for the World4-5. 
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To meet this energy demand, many viable options are present to the global economy. 
Non-renewable energy sources such as coal, natural gas, and petroleum have the distinct 
disadvantage that by definition they are finite but additionally they produce carbon dioxide, CO2, 
as part of their combustion process6. Alternatively, renewable energy sources such as 
hydroelectric, geothermal, solar, and arguably nuclear can generate electrical power without the 
scarcity of finite resources as well as being carbon neutral processes2-4, 7.  
One distinct advantage of solar energy collection is the large mismatch between the 
energy incident upon the earth, 5.5 · 1024 J·yr-1,8 and the energy that we demand1, ~5-to-7 · 1020 
J·yr-1.  Harnessing a small portion of this energy is a viable solution to providing the energy 
demands of the world in a carbon neutral manner. While solar energy capture is a promising 
avenue to a fully renewable energy source, one key problem must be addressed: the day-night 
cycle of the Earth doesn’t allow for constant collection of power at a single location.  
Storing the energy collected from the sun is a top priority in today’s research9-12. 
Research in battery technology is rapidly advancing13-16 but would require significant 
advancements as well as substantial alterations to the existing power grid17. Ideally, this energy 
could be stored in chemical bonds to be burned as a chemical fuel, a solar fuel9, 11-12. 
Implementing solar fuel generators into the existing power grid is an exciting proposition due to 
the existing infrastructure to burn natural gas18-20. However, more work is still needed to increase 
the efficiency of fuel generation.  
To produce solar fuels, inspiration can be taken directly from nature. All living organisms 
rely upon a complex series of reactions called photosynthesis performed by plants, algae, and 
cyanobacteria21. Photosynthesis is the capture of solar energy to generate usable fuel for the cell 
such as nicotinamide adenine dinucleotide phosphate (NADP) and adenosine triphosphate 
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(ATP). Photosystem II, one portion of photosynthesis, operates a complete water oxidation 
reaction with a complex protein tasked with light harvesting, energy transfer, charge separation, 
accumulation of redox equivalents, and catalytic water oxidation21.  
To better understand the full biological process being performed, the photosynthesis Z-
Scheme22 must be presented. As is shown in Figure 1.2, simultaneous photon absorption occurs 
at both photosystem I (PS I) and photosystem II (PS II). The excited electrons then undergo 
thermodynamically downhill electron cascades. The electron from PS I reduces NADP+ and the 
electron from PS II regenerates the ground state of PS I. An oxidative equivalent is now left in 
PS II. This process of photon absorption, electron transfer, NADP+ reduction, and the buildup of 
oxidative equivalents occurs four times before water is oxidized at PS II releasing protons and 
molecular oxygen. By separating the difficult task of water oxidation and NADP+ reduction, 
oxidative equivalents are more successfully stored in PS II allowing for efficient water oxidation.  
 
Figure 1.2. Z-Scheme of Photosynthesis. Simultaneous photon absorption occurs at photosystem 
I and II exciting electrons in both protein complexes. The electrons from both PS’s then move to 
the right on the diagram down a series of electron cascades decreasing in potential energy. The 
electron from PS I is used to reduce NADP+ to NADP, whereas the electron from PS II is used 
to regenerate the ground state of PS I. An oxidative equivalent is now present in PS II. The cycle 
repeats three additional times building up four oxidative equivalents before water oxidation 
occurs. 
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 To mimic the z-scheme of photosynthesis in solar fuel production, Fujishima and 
Honda23 were first to show that water splitting could be efficiently performed in a 
photoelectrochemical cell under UV irradiation. From their groundbreaking work, the concept of 
a tandem photoelectrosynthesis cell was developed24, where the cathode would absorb solar 
irradiation and perform reductive catalysis and the anode would concurrently absorb solar 
irradiation and perform oxidative catalysis. The tandem device was a crucial innovation, because 
it removed the need for an external bias as the voltage from tandem devices hooked in series is 
additive25. While numerous device architectures for these tandem devices exist such as the 
photoelectrochemical diode26 and buried junction25, we will henceforth focus on the tandem dye-
sensitized photoelectrosynthesis cell (DSPEC) architecture. Most notably about the DSPEC 
design is that the function of absorbing light is given to molecular chromophores rather than the 
semiconductor. 
The tandem DSPEC can be utilized to oxidize water to molecular oxygen and protons, 
while simultaneously reducing protons to molecular hydrogen18, 27-30. Alternative to proton 
reduction, reducing carbon dioxide to formate, methane, or another reduced carbon species is 
another exciting prospect given the previously mentioned existing infrastructure to burn natural 
gas18-20.  The molecular oxygen and hydrogen could then be burned at night to provide electricity 
on demand. Alternatively, molecular oxygen and the reduced carbon species could be burned 
instead of hydrogen.  
An additional benefit of the tandem device is the ability to have two light absorbers with 
complimentary absorption spectra. From solar cell literature, the Shockley–Queisser limit 
represents the upper limit of photoconversion efficiency as a function of the bandgap of the light 
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absorber31. The upper limit for a single absorber is only 33%, whereas a tandem device with two 
absorbers with complimentary and optimized limit absorption, this limit increases to 42%32.   
The tandem DSPEC is shown in Figure 1.3.33. The elegant design consists of a 
photoanode which drives water oxidation and a separate photocathode which drives CO2 
reduction. Both of the electrode materials in this design are wide-bandgap semiconductors 
typically metal oxides (e.g. TiO2 and NiO). A mesoporous and high surface-area n-type 
semiconductor such as colloidal TiO2 will be sensitized with a chromophore and a catalyst. The 
chromophore absorbs light and injects an electron into the conduction band of the TiO2. The high 
conductivity and charge-carrier mobility will extract the electron with near 100% charge-
collection efficiency, ɳcc34. The now oxidized chromophore will be reduced by the catalyst thus 
moving an oxidative equivalent into the catalyst. In other words, the catalyst reduces the 
oxidized chromophore regenerating the ground-state of the chromophore. This process will occur 
several times until four oxidative equivalents are built-up into the catalyst (Equation 1.1): 
 
H2O →  O2 + 2H
+ +  4e− 
Equation 1.1 
 
 In tandem with the photoanode, a photocathode is necessary to produce a sufficient 
photopotential to drive water oxidation and CO2 reduction. This wide-bandgap and high surface 
area p-type semiconductor such as NiO must exhibit many of the characteristics as the 
photoanode, but with a few key technical differences. Ideally, the chromophore bound to the 
photocathode will have complimentary absorption to the chromophore bound to the anode. On 
the photocathode after light absorption by the chromophore, hole injection must occur into the 
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valence band rather than electron injection into the conduction band. Alternatively stated, the 
excited chromophore is reduced by the p-type semiconductor. The reduced chromophore can 
then transfer the reductive equivalent to the catalyst, while the hole is diffusing through the 
semiconductor. In the case of proton reduction, two reductive equivalents must build-up in the 
catalyst for proton reduction (Equation 1.2): 
2𝐻+ + 2𝑒− →  𝐻2 
Equation 1.2 
 
To be clear, the photocathode must turnover twice in this scenario to charge-balance with the 
photoanode turning over once. However, CO2 reduction requires the build-up of eight reductive 
equivalents, which requires the photoanode to turn over twice to maintain charge-balance with 
the photocathode (Equation 1.3): 
𝐶𝑂2 +  8𝐻
+ + 8𝑒− →  𝐶𝐻4 + 2𝐻2𝑂 
Equation 1.3 
 
 To best study the material properties of the p-type semiconductor, a simplified DSPEC 
design was implemented, the p-type dye-sensitized solar cell, p-DSSC (see Figure 1.4.)35-36. 
Rather than utilizing a chromophore and a catalyst, only a chromophore sensitizes the 
semiconductor nanoparticles. Additionally, the photoanode is replaced with a passive platinum 
counterelectrode as well. Similar to the DSPEC design, the chromophore absorbs light and 
injects a hole into the valence band of the semiconductor, the hole diffuses through the film, 
while the reduced chromophore reduces the iodide/triiodide electrolyte. The reduced electrolyte 
is then regenerated by donating an electron to the Pt counterelectrode. 
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Figure 1.3. Energy level diagram and cartoon of the tandem dye-sensitized photoelectrosynthetic 
cell (DSPEC) for production of solar fuels. (Left) The photoanode is responsible for water 
oxidation to produce molecular oxygen and protons. (Right) The photocathode is responsible for 
carbon dioxide reduction to formate or another reduced carbon species. The steps of the device 
operation on the photoanode side are (1) absorption of a photon creating the excited state of the 
chromophore (2) rapid electron injection into the conduction band of the n-type semiconductor 
(3) diffusional transport to the a collector electrode (4) the transfer of a oxidative equivalent (a 
hole) to the catalyst from the oxidized chromophore (regeneration of the ground state of the 
chromophore) (5) after enough oxidative equivalents are built-up in the catalyst water oxidation 
occurs. The steps of the device operation on the photocathode side are very similar (1) absorption 
of a photon creating the excited state of the chromophore (2) rapid hole injection into the valence 
band of the p-type semiconductor (3) diffusional transport to the a collector electrode (4) the 
transfer of a reductive equivalent (an electron) to the catalyst from the reduced chromophore 
(regeneration of the ground state of the chromophore) (5) after enough reductive equivalents are 
built-up in the catalyst CO2 reduction occurs. Image courtesy of James Cahoon
33. 
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Figure 1.4. Energy level diagram and cartoon of a p-type dye-sensitized solar cell (p-DSSC) for 
the production of solar energy to electrical power. The steps of the device operation (1) 
absorption of a photon creating the excited state of the chromophore (2) rapid hole injection into 
the valence band of the p-type semiconductor (3) diffusional transport to the a collector electrode 
(4) the transfer of a reductive equivalent (an electron) to the electrolyte from the reduced 
chromophore (regeneration of the ground state of the chromophore) (5) Pt-catalyzed collection of 
electrons at the counterelectrode. 
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1.2 Choosing an Electrode Material 
With the pieces in place, the specific requirements of the cathode electrode must be 
considered. The goal of the electrode is four-fold: 1.) act as a high-surface area and transparent 
scaffold for the chromophores and catalysts, 2.) conduct the holes away from the chromophores 
and catalysts quickly and with a high charge-collection efficiency, 3.) have an appropriate 
valence band position for hole injection for existing chromophores, and 4.) have strong chemical 
stability to both highly acidic and basic conditions. In order to accomplish our first goal, a 
mesoporous film must be made from high-surface area nanoparticles35. Mesoporous films were 
the design aspect found to be most crucial in creating high-efficiency n-type DSSCs35. As 
discussed earlier, the p-type semiconductor is typically a wide bandgap metal oxide such as 
nickel (II) oxide37-41. The wide bandgap is especially important to minimize the semiconductor 
absorption and rather have the vast majority of the light absorbed by the chromophore. While a 
cursory view of our second goal implies the requirement that the conductivity of our 
semiconductor to be very high, a more appropriate target is a large charge-carrier mobility 
coupled with an appropriate film thickness34, 42. The charge carrier mobility is best described as 
the measure of ease of conduction for charge carriers in a material, or simply as the 
proportionality constant between doping level and conductivity (Equation 1.4)43: 
𝜎 = 𝑞 ∙  µ ∙  𝑁𝐷       
Equation 1.4 
 
where σ (S · cm-1) is conductivity, q (c) is elementary charge of the carrier, µ (cm2 · s-1 · V-1) is 
charge-carrier mobility, and ND (dopants · cm
-3) is the doping level of the material. 
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The valence band position and chemical stability are metrics that would be difficult to 
change for a given material. Rather, these restraints are used primarily in the choice of material. 
nickel oxide37-41, 44-64, copper(I) dellafosites65-68, and cobalt-spinel metal oxides69-70 are the 
mostly commonly utilized p-type materials (see Figure 1.5)71. Many metal oxides are known to 
be stable in a wide range of pH’s and in aqueous environments.72 To date, the highest performing 
wide bandgap p-type semiconductor is nickel (II) oxide73. The material has a direct optical 
bandgap at 3.6 eV, which corresponds to a wavelength of 344 nm74. This UV-absorber 
mismatches well to the solar irradiance spectrum (see Figure 1.6) indicating minimal absorption 
of solar irradiation by the material. However, unexpectedly the material is black and absorbs a 
significant portion of the visible spectrum74-76. The classical explanation for this coloration is an 
intervalence charge transfer (IVCT) absorption from Ni(II)-Ni(III)64. However, our work in 
Chapter 4 will present evidence that the coloration originates from undercoordinated oxygen near 
nickel vacancies creating shallow trap states in the material.47  
The high conductivities, 10-3 S·cm40, 57, reported for NiO are attributed not to high 
charge-carrier mobilities but rather to very large doping levels, 6·1020 dopants·cm-3. The doping 
level for nickel oxide is associated with nickel vacancies in the lattice48. The charge-carrier 
mobility is directly proportional to the diffusion constant of holes in the material by the Einstein 
Relation (Equation 1.5)43: 
 
𝐷𝑝 =  µ ·  
𝑘𝐵𝑇
𝑞
 
Equation 1.5 
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Figure 1.5. Energy level diagram of potential photocathode materials (pink) showing their 
alignment with the common photoanode material, TiO2 (blue)
71. 
 
 
 
Figure 1.6. Air-Mass 1.5G Solar Irradiance Spectra. The dashed line represents the bandgap 
absorption of NiO. 
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where Dp (cm
2·s-1) is the diffusion coefficient for holes, kB (J·K
-1) is the Boltzmann constant, and 
T (K) is temperature. 
As a result of the low charge-carrier mobility, the effective diffusion length of the carrier 
is greatly limited and thus limits the usable film thickness (Equation 1.6): 
𝐿𝑒𝑓𝑓 =  √𝐷𝑝 · 𝜏𝑝 
Equation 1.6 
 
where Leff is the effective diffusion length and τp is the carrier lifetime77-78. In contrast for TiO2, 
10-to-20 µm-thick films are often utilized due to the effective diffusion length of >100 µm. 
These thick films are necessary to achieve a large light-harvesting efficiency, LHE, with 
chromophore such as tris(2, 2’-bipyridine) ruthenium(II), [Ru(bpy)3]2+ 79. By contrast, an 
effective diffusion length of <10 µm in NiO40, 55 reduces the usable film thickness to 1-to-2 µm 
and thus a sufficient LHE is not possible with a chromophore such as [Ru(bpy)3]
2+
. 
1.3 Review of p-Type NiO DSSC Literature 
The advent of modern dye-sensitized solar cells began with the adaptation of high-surface 
area TiO2 nanoparticle films
35. These mesoporous films allowed for sufficient light harvesting 
efficiencies to and thus significant increases in the photocurrent density possible in the devices. 
The first example of a NiO p-type DSSC was by He et. al.44, which was used in tandem with a 
TiO2 photoanode to produce a larger photopotential than the TiO2 or NiO DSSC alone.  
 The poor performance of NiO DSSCs relative to their TiO2 counterparts necessitated 
additional research but little progress was made. A comprehensive study of commercially-
available chromophores was performed by Nattestad and coworkers39, which showed that 
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Coumarin-343, C343, was the most optimal chromophore to date. This result however should not 
be taken as definitive. C343, see Figure 1.7, has been reported to have significant photocurrent 
generation from the iodide/triiodide electrolyte rather than light absorption from the 
chromophore57, 63. These findings are shown to be corroborated by our own study in Section 
2.14. 
 The most significant progress made with NiO-based DSSCs was made by Licheng Sun38, 
58, 80 with the advent of the P1 chromophore, Figure 1.7. The electron donor-π bridge-electron 
accepter, D-π-A, configuration allows for long-lived charge separated states by spatially 
separating the HOMO and LUMO. More simply, the photoexcited electron moves from the 
triphenylamine, electron donor, through the thiophene, π-bridge, to the malononitrile, electron 
acceptor, physically pushing the electron away from the surface of the nickel oxide. 
 
 
 
Figure 1.7. Molecular Chromophores for p-DSSCs. (A) Coumarin-343. (B) P1. (C) PMI-6T-
TPA 
14 
 While the P1 chromophore has been commonly reported with photocurrent densities 
ranging from 1-to-2 mA·cm-2, several reports from Gibson et. al.38, 81-82 now show current 
densities in excess of 5 mA·cm-2. The reported increase was due to a substantial increase in the 
internal quantum efficiency of the electrodes. This enhancement in the material quality however 
was not confirmed by Wu and coworkers.56 Internal verification of the enhancement is 
forthcoming. 
 Peter Bäuerle and Udo Bach reported another D-π-A chromophore deemed PMI-6T-TPA, 
which refers to the structure perylene monoimide-six thiophenes-triphenylamine83. Upon first 
report, the chromophore was capable of producing ~5 mA·cm-2 of photocurrent density with an 
impressive 218 mV of photopotential. The chromophore represented a nearly 4-fold increase in 
overall photoconversion efficiency in p-type DSSCs83. The chromophore was then utilized on 
“microballs” of NiO84, which showed nearly equivalent photoconversion efficiency but showed 
that the chromophore could generate photocurrent densities of 7 mA·cm-2.  
 The material quality utilized in NiO devices was then explored by testing “stoichiometric 
NiO” fabricated at 950 °C85. Due to poor electronic coupling of the film to the FTO substrate as 
well as low surface area, poor photocurrent densities were reported but a Voc of 350 mV was 
obtained. With the inclusion of a dense adhesion layer of NiO, photocurrent densities of 1 
mA·cm-2 were reported with a photovoltage of >320 mV. To our knowledge, this is the highest 
reported photovoltage for NiO reported with an iodide/triiodide electrolyte.  
 In order to maintain the higher photocurrent densities, the annealing conditions were then 
optimized showing an enhancement in nanoscale crystallinity by annealing first at 450 °C and 
then ramping to 550 °C for 15 minutes46. Zhang and coworkers reported minimal loss of surface 
area but significant increase in the photopotential, from 200 to 294 mV. This allowed the record 
15 
photoconversion efficiency for p-DSSCs to again rise to 0.61 %. It is important to note however 
that the NiO material utilized in this study is commercially available, Advanced Materials 
Inframat Part Number 28N-0801.  
 With the nanoscale crystallinity tuned and a highly optimized chromophore, the 
electrolyte was then tuned. Cobalt-based electrolytes had been previously shown to create open-
circuit voltages of ~350 mV86-87, but with the optimized PMI-6T-TPA chromophore Voc’s of 709 
mV allowed the record photoconversion efficiency to rise to 1.3 %88. This significant rise in 
photopotential is due to the larger potential energy difference between the Nernstian potential of 
the electrolyte and the valence band edge of NiO. Tuning the electrolyte again with an iron-based 
allowed for another significant increase in the record photoconversion efficiency to 2.55 %73 
though the authors note the requirement for a dense blocking layer of NiO to decrease the dark 
current with an iron-based electrolyte. The iron electrolyte allowed for an increase in the Jsc to 
7.65 mA·cm-2 but did not further increase the Voc even though the potential difference between 
the electrolyte and the valence band had increased. Notably, the authors state that a significantly 
thicker film, ~4.2 µm, was utilized indicating that the iron-based electrolyte is likely providing 
additional enhancement in dye regeneration.  Significantly, a fill factor of 60% was reported. 
 Other methods to improve the material quality have been met with on moderate success. 
Doping NiO with cobalt89 was found to lower the valence band edge and thus modestly increase 
the Voc to 160 mV. Lithium doping51 significantly reduced trap state densities, but offered only 
minor enhancement in DSSC performance. Doping with magnesium90 was found to also increase 
DSSC device performance by increasing Jsc from 3-to-5 mA·cm-2. However, work by Gibson 
and coworkers found a decrease in Jsc and only a slight increase in Voc for magnesium doping81. 
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 Various groups have also reported deposition of alumina onto NiO with moderate 
success. Uehara reported a solution-phase deposition, which retarded the rate detrimental 
electron injection but did not significantly improve device performance61. Natu and Wu also 
reported a vapor-phase deposition through atomic layer deposition. Interestingly, they optimized 
device performance to a single cycle of alumina corresponding to 0.2-0.3 nm of deposition, 
which provided slightly increased photocurrent densities as well as an increase in Voc to ~170 
mv56. 
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Chapter 2: METHODS 
 
2.1 Conventional Metal Oxide Synthesis 
The wet-chemical synthesis of metal oxide materials typically falls into two categories: 
hydroxylation of metals or degradation of organometallic precursors. Beyond typical round-
bottom synthesis, solvothermal and hydrothermal pressure reactions offer an additional pathway 
to both metal hydroxides and metal oxides, but this method generally limits control over the final 
morphology. Additionally, electrodeposition and spray pyrolysis offer potential methods to 
deposit films rather than synthesizing a nanoparticle powder. We will now focus on the synthetic 
methods most appropriate for this work. For non-preformed nanoparticles, sol-gel reactions will 
create an amorphous metal hydroxide with a polymer, which imparts structure to the films while 
annealing. 
The formation of metal hydroxides in typical wet-chemical was chosen due to the high 
degree of tunability, reproducibility, and ease of scale-up. Generically, the hydroxylation metals 
occurs in aqueous solutions heated to reflux with highly soluble metal salts, such as metal 
nitrates. A solution of the base, such as ammonium hydroxide, would then be added. The metal 
hydroxide would then form a colloid and depending upon the size of the nanoparticles, 
precipitate from solution. The identity of the metal salt, identity of the base, and the rate of 
addition of base are typically the most important parameters to tune nanoparticle shape and size 
morphology. Additionally, multiple metal salts could be present to form a double-layered 
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hydroxide. For example, zinc nitrate and cobalt nitrate added in a 1:2 ratio would form 
ZnCo2OH8.    
After the formation of the metal hydroxide, the material can then be calcinated to convert 
to the metal oxide. The calcination process is described in Equation 2.1: 
𝑀(𝑂𝐻)2 +  ∆ → 𝑀𝑂 + 𝐻2𝑂 
Equation 2.1 
 
where M(OH)2 is the metal hydroxide, Δ is heat, and MO is metal oxide. The calcination process 
can be finely tuned and coupled with a high temperature annealing to increase the crystallinity of 
the material. Important parameters to tune in the calcination and annealing step is the chemical 
environment (e.g. air, dry air, N2, argon, H2, O2, etc.), final temperature, ramp rate, and packing 
of powder. 
2.2 Synthesis of Ni(OH)2 Nanoplatelets  
With an understanding of our material requirements and the properties that we need to 
alter in order to satisfy those requirement, we will now establish the synthesis, fabrication, and 
characterization of the nanoparticles and mesoporous thin films. Hexagonal nanoplatelets were 
chosen due to the longer conduction pathways and surface area in comparison to spherical 
nanoparticles of similar diameters. Our hypothesis was that the increased conduction path length 
would decrease the particle-to-particle hopping events during conduction and thus increase the 
charge carrier mobility. 
The hexagonal nanoplatelets of Ni(OH)2 were synthesized by a literature procedure
91 by 
first dissolving 2.9079g (0.01 mol) Ni(NO3)2·6H2O into 980mL of distilled and deionized water 
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in a two-liter three-neck round-bottom flask. In the right neck, a thermocouple connected to the 
J-Kem temperature controller was inserted through a septa. The middle neck was attached to a 
reflux condenser, and the left neck was covered with a septa. The roundbottom was placed in a 
heating mantle sitting on a stir plate, and the water lines for the condenser are engaged. Under 
magnetic stirring, the solution was brought to reflux. At reflux, the septa on the left neck was 
removed to add 20mL of 1.0M NH4OH (0.02 mol). The base was added dropwise via a burette or 
extraction flask using the stopcock to tune the rate of addition, 1 drop·s-1 or slower. Slow 
addition of the base yielded monodisperse platelets, whereas faster addition yielded poor shape 
and size control.  
Attempts to scale this reaction to higher concentrations failed due to non-homogenous 
nucleation, thus scale up was only performed with larger volumes rather than concentrations. 
With the base added, the reaction was allowed to reflux for 120 minutes. The heating mantle was 
then removed. The hot reaction was then allowed to stir for ~one hour until it had sufficiently 
cooled. The reaction was poured into a large two-liter beaker to settle. After three days of 
settling, the colloidal precipitate loosely separated to the bottom of the beaker. Without agitating 
the solution, the supernatant was removed and wasted. The concentrated solution was then 
collected and vacuum-filtered with a Buchner funnel and a side-arm flask rinsing with cold 
water. The dried filter paper was heated at 40 °C overnight to separate the nanoparticles from the 
filter paper. The powder was collected and ground with an agate mortar and pestle. Typical 
yields for this reaction were 1.0g (108% yield of Ni(OH)2 or 90% yield of Ni(OH)2·H2O) 
indicating that the material contains excess water.  
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2.3 Calcination to NiO 
The initial calcination conditions were determined by thermogravimetric analysis (see 
Figure 2.1.) coupled with the XRD-analysis in Figure 3.2.  The small decrease at low 
temperatures, <260 °C, is likely due to surface water as was expected from the excessive reaction 
yields. The ~20 wt% drop above 260 °C corresponds well the ratios of the formula weights as 
shown in Equation 2.2: 
𝑁𝑖𝑂
𝑁𝑖(𝑂𝐻)2
=  
74.693 𝑔 · 𝑚𝑜𝑙−1
81.724 𝑔 · 𝑚𝑜𝑙−1
· 100% = 80.6% 
Equation 2.2 
 
indicating complete conversion to NiO at temperatures as low as 260 °C. XRD analysis in 
Chapter 3 again confirms the conversion to phase pure NiO at temperatures as low as 250 °C but 
not at 200 °C. 
 
Figure 2.1. Calcination of Ni(OH)2 nanopowder to NiO. 
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 With the calcination conditions understood, large batch calcinations are now considered, 
which are necessary to prepare a viscous paste. Typically, 20 g of Ni(OH)2 nanoparticle powder 
is placed onto a quartz plate and spread evenly. The material is placed into a furnace where 
forced dry air is circulated. With a humidity below 20 %, the furnace is then heated to the desired 
temperature for 40 minutes (10 minute ramp, 30 minute hold). Humidity control was deemed 
necessary to minimize the environmental variables. Typically, high humidity is associated with 
poor device performance. After cooling, the material was then collected and ground in an agate 
mortar and pestle with a typical yield of 16 g of NiO in strong agreement with Equation 2.2. 
2.4 Paste Preparation Methods 
 Paste Preparation I 
The procedure utilized in Chapter 3 is a modified literature procedure83. This procedure is 
experimentally more difficult to reproduce than the procedure utilized in Chapter 4. The viscous 
paste was made by dispersing the dried Ni(OH)2 powder (16 g) into ethanol (110 mL) with mild 
sonication and vigorous stirring. The use of the Ni(OH)2 powder rather than the NiO powder was 
deliberate in order to explore the device performance at calcination temperatures as low as 250 
°C, the minimum temperature required to calcine to NiO. However, it was experimentally 
determined that the paste retarded the full conversion to NiO and utilizing consistent annealing 
times was not possible.  α-terpineol (100 g) was gently heated with stirring followed by the 
addition of ethyl cellulose (4.6g ). The viscous ethyl cellulose/α-terpineol solution was then 
cooled. The solutions were combined and allowed to stir overnight. The ethanol was removed by 
rotary evaporation yielding a highly-viscous paste. The paste was then rediluted with ethanol to a 
desired viscosity. No further homogenization was performed beyond magnetic stirring. 
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Experimentally, this required multiple days of stirring before the paste was adequately 
homogenous for use. 
 Paste Preparation II 
The paste procedure for Chapters 4 and 5 is further modified to increase experimental 
reproducibility92. Ni(OH)2 nanoplatelets (20 g) were calcined in air (350 °C; 40 min; humidity 
<20%). To best control for humidity, the NiO is calcined in one step. A paste was prepared by 
first mixing NiO (16 g), α-terpineol (64.9 g), and ethanol (63.1 g). The solution was magnetically 
stirred overnight, but was not perfectly homogenous.  Two separate ethyl cellulose solutions with 
differing viscosities (a 45 g, 10 weight (wt.) % in ethanol, and 5-15 mPa·s solution combined 
with a 35 g, 10 wt. % in ethanol, 30-50 mPa·s solution) were also prepared and stirred overnight 
to ensure homogeneity. The NiO solution and both ethyl cellulose solutions were combined and 
rigorously magnetically stirred overnight. Homogenization was then performed by horn 
sonication, mechanical dispersing, and ball-milling92. These homogenization procedures were 
repeated until spincast films appeared without surface blemishes. The viscosity of the paste was 
adjusted over time by the addition of ethanol, but rotary evaporation was not utilized. Pastes of 
spherical NiO nanoparticles (Inframat Advanced Materials) were prepared following the same 
paste procedures.  
 Paste Preparation III 
Alternatively, water-based pastes were developed by Shannon McCullough69. The pre-
calcined NiO powder (10 g) was added to a deionized water (40 g) and ethylene glycol (40 g) 
with vigorous magnetic stirring. This solvent system is highly advantageous to the ethanol-
system used in Chapters 3-5, because the NiO is readily dispersible in water. Hydroxypropyl 
cellulose (10 g) was then added slowly with rigorous magnetic stirring. Homogenization was 
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then performed by horn sonication, mechanical dispersing, and ball-milling. These 
homogenization procedures were repeated until spincast films appeared without surface 
blemishes. 
 Paste Preparation IV 
A promising literature method that was not utilized in this dissertation was developed by 
Lin Li38, 60. In short, a triblock co-polymer (1 g), F108, is mixed with NiCl2 (1 g), ethanol (6 g), 
and deionized water (3 g) with vigorous stirring. The paste could then be doctor-bladed onto 
FTO glass to produce electrodes. More importantly, the authors claimed that by applying two 
layers, annealing between depositions, that the hole transport was greatly enhanced in their films 
and resulted in a substantial increase in Jsc.  
2.5 Preparing FTO 
Fluorine-doped tin oxide, FTO, glass (Hartford Glass, 15 Ω · □-1) was typically scored into 
2.0 x 2.5 cm pieces and then sonicated in deionized water, acetone, 2-propanol, ethanol, 0.1 M 
HCl in ethanol, 0.1 M NaOH in ethanol, and ethanol for five minutes each.  The FTO was stored 
in ethanol and used within one month or recleaned. For counterelectrodes, 10 x 2.5 cm strips of 
FTO with additional scores every 2.0 cm were created, and the FTO was protected with Kapton 
tape. An aluminum mask was then placed over the protected FTO surface. Holes were 
sandblasted into the FTO. The Kapton tape was then immediately removed to prevent the 
adhesive from remaining on the FTO glass. The counterelectrodes were separated along the 
additional score lines into 2.0 x 2.5 cm pieces and cleaned as described above. 
2.6 Preparing Thin Films of NiO 
The clean FTO glass was then placed into the spincoater with the FTO-side up (Laurel WS-
650MZ-23NPP). The paste was quickly dispersed and then spincast (5 s, 500 rpms; 30 s, 1500 
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rpms) yielding ~1.6 µm thick films. The films were annealed at the desired temperature for 40 
minutes (10 min ramp, 30 min hold) with forced dry air to ensure that the humidity remained below 
20%. The samples were allowed to cool for 5 minutes with the furnace door open. The samples 
were allowed to further cool for 5 minutes on the quartz plate. The slow cooling process ensures 
that the films and glass would not crack from rapid cooling.  
2.7 Mechanical Trimming of NiO Films – Electrode Size Effects 
The films were mechanically trimmed to the desired size, typically between 0.5 to 1.0 cm2, 
with a kimwipe. Trimming the films before dye-loading reduced the waste of the expensive 
chromophore. However, it should be noted that this mechanical removal did not completely 
remove all NiO from the FTO glass as indicated by the energy-dispersive x-ray spectroscopy, 
EDS, mapping (Figure 2.2.A). Measuring a J-V sweep of a device yields an apparent 
photocurrent density as defined by the measured Isc normalized only by the electrode area, 
whereas our results show that the removed electrode area produces a substantial photocurrent 
and thus must be accounted for (Figure 2.2.A). The non-linear scaling of apparent Jsc with 
respect to electrode area illustrates the importance by showing a nearly four-fold decrease in the 
apparent Jsc (electrode). Extrapolating this decay yields an approximation for the true electrode 
Jsc of only 0.5 mA·cm-2. Control experiments (Figure 2.2.C) show that the area where the 
electrode is removed contributes an average Jsc (removed electrode) of ~0.085 mA·cm
-2, and 
thus cannot be simply discounted.  
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Figure 2.2. Spurious photocurrent from mechanically-trimmed NiO films. (A) Energy-
Dispersive X-Ray Spectroscopy, EDS, Mapping of NiO electrode showing Ni on removed 
electrode area. Scale bar represents 2 µm. (B) Dependence on apparent Jsc with non-horizontal 
scaling for NiO electrodes with varying electrode areas and constant gasket sizes. (C) Calibration 
of the photocurrent production on the removed electrode area by changing the internal gasket 
area. The horizontal dashed line represents the average Jsc from all devices. (D) Quantitative 
analysis of panels B and C with Equation 2.3 (red circles and dashed line) is compared to the 
measured current values (black squares and dashed line). Averages and standard deviations for 
all panels are n=4. 
 
The photocurrent of the DSSCs is presented in Figure 2.2.D.and can be quantitatively derived 
through Equation 2.3:  
𝐽𝑠𝑐(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) · 𝐴(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) +  𝐽𝑠𝑐(𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) · 𝐴(𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) =  𝐶𝑎𝑙𝑐 𝐼𝑠𝑐 
Equation 2.3 
where Jsc is the short-circuit current density, A is the area, and Calc Isc is the calculated short-
circuit current. 
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The source of this spurious photocurrent was determined by IPCE spectroscopy (Figure 
2.3). Even with a small amount of photocurrent produced by the removed electrode, it is clear 
that the IPCE spectra resembled the absorbance spectra of the P1 dye and the iodide/triiodide 
electrolyte (see Figure 2.7 for IPCE spectra of electrolyte). Integration of the IPCE spectra for 
the removed electrode via Equation 2.10 yield an expected Jsc of 0.08 mA·cm-2, which is well in 
line with the value extracted from control experiments above. Comparison to the IPCE spectra of 
a P1-sensitized electrode shows a similar form, but with a much higher magnitude of IPCE 
(Figure 2.3.).  
While the use of apertures and masks is common in n-type DSSC literature93-95, their use 
in p-type DSSC literature is mostly unreported. This is primarily due to the substantial decrease 
in Isc leading to a significant decrease in Voc as per the ideal diode equation, Equation 2.6. To 
circumvent this problem, the electrode must be nearly identical to the size of the gasket leaving 
minimal room for the removed electrode to produce photocurrent. 
 
Figure 2.3. Confirmation of the origin of spurious photocurrent. (A) The IPCE spectra 
resembled the P1 absorbance spectra as well as a tail extending into the UV likely caused by I-/I3
- 
absorption. (B) The IPCE spectra centered into an electrode resembling the P1 absorbance 
spectra. 
 
 
27 
2.8 Dye-Loading 
The dyes utilized in this work were previously shown in Figure 1.7. Dye loading solutions 
were typically concentrated at circa 0.1 mM. For Coumarin-343 (FW 285.29 g·mol-1), a 0.1 mM 
(14.26 mg in 500 mL of ethanol) solution was utilized. Coumarin-343 is a strong absorber with 
ɛ=44,300 (L·mol-1·cm-1) at λmax = 443 nm96, but the absorbance spectra ( 
Figure 3.15) has little spectral overlap with the solar irradiance spectra (Figure 1.6) 
leading to very poor performance on p-DSSCs. Dye-loading was performed by immersing the 
annealed electrodes into a glass petri dish filled with the dye-loading solution. The petri dish was 
then sealed and kept in the dark overnight. At least one other literature preparation55 utilized a 
significantly higher concentration at 0.5 mM, however equivalent loadings were obtained on our 
electrodes with the two differing concentrations after overnight loading. 
For the P1 chromophore (FW 604.09 g·mol-1), a 0.3 mM (90.61 mg in 500 mL of 
acetonitrile) solution in was utilized. P1 is a strong absorber with ɛ=58,000 (L·mol-1·cm-1) at 
λmax=468 nm80. However as noted by the Qin and coworkers80, the λmax red shifts when 
functionalized onto NiO to 490 nm (see Figure 4.11) creating better spectral overlap with solar 
irradiance. This red shift is claimed to be due to the electronic coupling between the bound 
chromophore and the semiconductor.80 
After dye loading overnight, the electrodes are rinsed with 2-propanol (Coumarin-343) or 
acetonitrile (P1) and then blown dry with N2. Dyed electrodes were always fabricated into 
devices on the same dye as removal from dye. Chromophores for NiO must have large extinction 
coefficients due to the very thin films (1.6 µm) required by the low charge-carrier mobility. 
Whereas Ru(bpy)3-type chromophores with ɛ=15,000 can obtain 100% light-harvesting 
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efficiencies, LHE, in a 10 µm-thick film, these chromophores do not adequately harvest light on 
very thin films and lead to low photocurrents and photoconversion efficiencies.  
2.9 Platinizing the Counterelectrode 
The cleaned counterelectrodes with the pre-drilled holes were blown dry with N2 and placed 
onto a quartz plate. Two drops of chloroplatinic acid (5 mM in 2-Propanol) were spread evenly 
onto the FTO. The solvent was allowed to evaporate over 5 minutes. The quartz plate holding the 
counterelectrodes is then placed into the furnace and annealed (380 °C; 30 min; humidity <20%). 
The electrodes were allowed to cool for 5 minutes in the furnace. The samples were allowed to 
further cool for 5 minutes on a quartz plate. The slow cooling process ensures that the glass would 
not crack from rapid cooling.  
2.10 Creating Polymer Gasket and Sealing the Cell 
25 µm-thick Surlyn polymer was overlaid with a grid-pattern sheet with 1mm spacings. A 
sharp scalpel or razor blade was required to cut the polymer into a gasket with a width of 2 mm. 
Typical inner dimensions were 11 x 16 mm and were cut first. The outer rectangle was then cut 
with dimensions of 15 x 20 mm. Then inner rectangle was then removed and cut into two 11 x 8 
mm rectangles, which were later used to seal the hole on the counterelectrode. The inner 
dimensions of the gasket should be similar in dimensions of the electrode to reduce spurious 
photocurrent as detailed in Chapter 2.7. 
The polymer gasket was then dipped into acetonitrile and blown dry with N2. The device 
was then assembled with platinized counter electrode, polymer gasket, and dyed working 
electrode from bottom to top ensuring that the semiconductor remains inside the gasket. 
Additionally, the hole on the counterelectrode should also remain inside the gasket. The device 
was then sealed in a custom-built heat press (150 °C, 10 s). Upon removing the device from the 
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heat press, the seal was examined. If the seal was not perfect, additional pressure was applied 
onto the counterelectrode. Alternatively, the device could be reheated in the heat press (150 °C, 
10 s). However, this discrepancy was noted as the heating process can remove dye from the 
electrode. 
2.11 Final Device Assembly 
One of the two 8 x 11 mm polymer rectangles leftover from Section 2.10 and a polyimide 
sheet was then placed over the hole in the counter electrode. The cell was then sealed in a t-shirt 
press (150 °C; 5 s). The polyimide sheet prevents the polymer from adhering to the heat press. 
The new seal is then immediately punctured with the tip of tweezers. Z-960-like electrolyte (1.0 
M 1,3 - dimethylimidazolium iodide, iodide (0.03 M), tert-butylpyridine (0.5 M), and guanidium 
thiocyanate (0.1 M) in 85/15 (v/v) acetonitrile/valeronitrile) was vacuum backfilled by covering 
the punctured hole with electrolyte and then using a custom-made vacuum apparatus. The 
application of the vacuum was often repeated several times in increments of 3, 10, or 30 seconds 
at the user’s discretion. After using a kimwipe to remove the excess electrolyte solution, the 
remaining polymer rectangle and a microscope coverslip was then placed over the punctured 
hole and sealed (150 °C, 5 s). The electrode area was then measured with a ruler and recorded. 
2.12 Photovoltaic Characterization 
 J-V curves were obtained under back-illumination using a Newport Oriel 150W class 
ABB AM1.5G solar simulator calibrated to 1-sun intensity with a certified reference solar cell 
(Newport 91150 V) using a Keithley 2636A sourcemeter (resolution, 1 mV; measure delay, 0.1 
s). Incident photon-to-current conversion efficiency (IPCE) measurements were obtained by 
illuminating devices with a tungsten lamp (Newport Instruments) coupled to a spectrometer 
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(Princeton Instruments SP-2300). Device carrier lifetimes were obtained from Voc decays 
(sampling rate, 1 kHz) with a starting illumination of 1-sun and a shutter response of <1 s. 
RS, series resistance, was calculated by fitting the J-V curve to a linear line-of-best-fit from (Voc 
– 5 mV) to (Voc + 5 mV) and taking the absolute value of the reciprocal of the slope.  
Jo was calculated by plotting the natural log of the dark current density vs applied bias and fitting 
the most linear portion of the small forward-bias region to the ideal diode equation.  
2.13 Understanding Photovoltaic Performance Metrics 
To better understand how the material properties can affect the performance of the DSSC 
and the eventual DSPEC design, we will now clearly define the photovoltaic metrics of a 
standard solar cell design. Current density-Voltage (J-V) scans (see Figure 2.4.A) are typically 
measured in the dark (black line) as well as under simulated one-sun illumination (green line). 
Several photovoltaic performance metrics are easily extractable from the illuminated J-V trace 
such as the open-circuit voltage, Voc, (the x-intercept) and the short-circuit current density, Jsc 
(the y-intercept).97-98 The Voc is interpreted as a measure of the material quality, because it 
represents the buildup of charge into the film. By definition, the net current flow through the film 
is zero; charges are injected and then remain until they recombine. As more charges can be 
injected into a film, the quasi-fermi energy level, the non–equilibrium concentration of electrons 
in the film, can be lowered to the extreme of the valence band edge in a p-type semiconductor. 
Thus, a large open-circuit voltage represents that materials ability to store a large number of 
charge carriers with a rate of recombination equivalent to the rate of charge injection.78, 97-98 Our 
efforts to increase the open-circuit voltage by improving the materials properties of NiO are 
shown in Chapters 3-5. The theoretical maximum of Voc is the potential difference between the 
valence band position and the Nernstian potential of the electrolyte, ~300mV for our system.62 
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The Jsc of DSSC’s is more indicative not of the material but rather of the chromophore 
sensitizing the material. It reflects the chromophores ability to absorb light and inject the charge 
carriers into the film.78 Changes to the materials valence band position or to the work function 
can however impact the chromophores ability to inject charge carriers into the film, as we will 
show in Chapter 3, and thus cannot be completely separated from the material properties. 
The series resistance, Rs, is the summation of electrical resistances and junctions in the 
device, such as the semiconductor film’s resistance or junction resistance between the 
semiconductor 
 
 
Figure 2.4 Photovoltaic Current-Voltage (I-V) Sweep and metrics. (A) Representative current 
density vs voltage sweep under one-sun illumination (green trace) and in the dark (black trace). 
Several photovoltaic performance metrics are indicated where the data is fitted to calculate 
(dashed lines) or directly obtained (circles): the short-circuit current density (Jsc and grey circle), 
open-circuit voltage (Voc and brown circle), shunt resistance (Rsh and red dashed line), and 
series resistance (Rs and orange dashed line). (B) The maximum power point (PP, purple circle), 
maximum power at power point (purple rectangle), and maximum theoretical power (grey 
rectangle) are utilized to calculate Fill Factor (FF).   
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and the transparent-conductive glass (typically fluorine-doped tin oxide, FTO glass).53 The ideal 
value for Rs is to approach zero. The main effect of high Rs is to decrease fill-factor, FF; but 
excessively high values can also lower Jsc.97-98 The shunt resistance, Rsh, is a parasitic 
alternative current pathway in the device. The ideal value for Rsh is to approach infinity that is to 
say that all current flows in the intended path. The main effect of low Rsh is to decrease FF, but 
excessively low values can also lower Voc.97-98 The metrics have been extracted from the light J-
V traces by fitting the data to Ohm’s Law (Equation 2.4)43: 
𝑉 =  𝐼 · 𝑅                          
Equation 2.4 
where V (V) is voltage, I (A) is current, and R (ohms) is resistance.  
 The fill-factor, FF, is the squaredness of the curve and is defined in Equation 2.5: 
𝐹𝐹 =  
𝑃𝑀𝑎𝑥
𝐽𝑠𝑐·𝑉𝑜𝑐
· 100%                          
Equation 2.5 
 
where FF (%) is fill factor, PMax (mW·cm
-2) is the maximum power density obtained in the light 
J-V curve and is represented by the purple-shaded area in Figure 2.4.B, and the product of 
Jsc·Voc (mW·cm-2) is the theoretical maximum power represented by gray-shaded area in 
Figure 2.4.B.78 More simply, the FF is the ratio of the areas of the purple and grey rectangles. 
Ideally, these values would approach 100%, but as is demonstrated in Figure 2.4.B these values 
are closer to 30% for NiO-based DSSCs. Electrochemical impedance spectroscopy, EIS, studies 
by Wu et.al.53 revealed the primary origin of the FF was the high series resistance from bulk 
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recombination. With the already high doping levels, the series resistance can only be decreased 
by increasing the charge-carrier mobility and decreasing bulk recombination.   
The two final performance metrics we will consider are the dark-saturation current 
density, Jo, and the ideality factor, n. Both of these metrics are determined simultaneously by 
fitting the linear small-forward bias region of a the dark Ln(J)-V plot (see Figure 2.5.) according 
to the ideal diode equation with small forward bias approximation (Equation 2.6): 
𝐿𝑛(𝐽) = 𝐿𝑛(𝐽𝑜) +  [
𝑞
𝑛·𝑘𝐵·𝑇
] · 𝑉       
Equation 2.6 
 where J (A·cm-2) is the current density, Jo (A·cm-2) is the dark-saturation current density, 
q (c) is the elementary charge, n (unitless) is the ideality factor, kB (J·K
-1) is the Boltzmann 
constant, T (K) is temperature, and V (V) is the applied voltage.97-98 
 
Figure 2.5. The ideality factor (n) and dark-saturation current (Jo) are extracted from the natural 
log of dark current density plot rather than the J-V traces. The linear small forward bias region is 
used to derive the dark-saturation current (Jo and red line) and ideality factor (n and red line). 
 
34 
The dark-saturation current density, Jo, is often attributed the material properties of the 
semiconductor much like the Voc. The Jo however has the benefit of being performed in the dark, 
which negates any effects of light-induced shunt pathways and noise.78 Voc and Jo will typically 
be examined together to determine any improvement in the material quality. 
     The ideality factor, n, approximates how well the diode behaves to that of an ideal 
diode with an optimal value of one. In conventional p-n junction devices, ideality factors are 
readily utilized to explain the primary recombination method limiting the device performance.99 
In typical p-n junctions, a value of n=1 would be indicative of primary recombination losses in 
the quasi-neutral regions away from the junction ergo diffusional currents dominate device 
performance, whereas n=2 would indicate that recombination in the depletion region is 
dominating device performance97.  However, these methods are not yet well defined for DSSCs. 
Finally, the overall photoconversion efficiency, ɳ, is calculated with Equation 2.778: 
   ɳ =  
𝑃𝑀𝑎𝑥
𝑃𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 
· 100%                       
Equation 2.7 
 
where ɳ (%) is photoconversion efficiency, PMax (mW·cm-2) is the maximum power density 
obtained in the light J-V curve, and PIncident (mW·cm
-2) is the power density of the light source 
incident upon the sample, typically 100 mW·cm-2 for simulated one-sun illumination. 
2.14 Incident Photon-to-Current Conversion Efficiency 
 To verify the origin of the photocurrent measured in the J-V sweeps, Incident Photon-to-
Current Conversion Efficiencies, IPCE, experiments were performed (Equation 2.8)78 or in a 
more functional form (Equation 2.9): 
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        𝐼𝑃𝐶𝐸 (𝜆) =  
𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑
𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
· 100%           
Equation 2.8 
𝐼𝑃𝐶𝐸 (%) =  
1240·𝐽 (𝜆)
𝜆 · 𝑃(𝜆) 
· 100%          
Equation 2.9 
 
 where J (A·cm
-2) is the photocurrent density at the specific wavelength, λ (nm) is the 
wavelength, P(J·cm-2) is the optical power density at the specific wavelength, and 1240 
(J·nm·A·s) is a unified constant comprising the product of h·c·q. Also known as external 
quantum efficiency, EQE, IPCE is experimental accomplished by separating the photons from a 
white light source with a monochrometer, the current can be measured as a function of 
wavelength (see Figure 2.6.).  
 
Figure 2.6. Experimental measurement of IPCE spectra. (A) The optical power density is first 
measured with a power meter. (B) The device is then illuminated at each wavelength and the 
current is measured under short-circuit conditions by a potentiostat. Additionally, a shutter is 
implemented to block the beam for collecting a dark current measurement. (C) The IPCE spectra 
is collected by utilizing Equation 1.10.  or 1.11 (D) The light-harvesting efficiency of the dyed 
film is compared to the IPCE spectrum to ensure the same form. 
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Ideally, the spectrum obtained will appear identically in shape to the absorbance 
spectrum of the chromophore. However, a known complication with p-DSSCs is that the 
commonly used iodide/triiodide electrolyte can produce productive photocurrent (see Figure 
2.7)39, 55. Thus, the IPCE spectrum obtained is typically reminiscent of the combination of the 
iodide/triiodide absorption spectra as well as the chromophore absorption spectra indicating two 
sources of photocurrent.  
 
Figure 2.7. Electrolyte study utilizing a commercially-available chromophore, Coumarin 343, 
showing little evidence of chromophore absorption, λmax = 420nm. The various electrolytes 
contain differing ratios of LiI : I2 in Acetonitrile. (EL1 – 100:1; EL2 – 10:1; EL3 – 2:1, EL4 – 
0.5:1) 
Integrating the IPCE spectra with respect to the AM 1.5G solar irradiance spectra can 
estimate the total number of electrons collected at each wavelength and thus an expected 
photocurrent density for the electrode as per Equation 2.10: 
𝐼 =  ∫
𝜆 · 𝐼𝑃𝐶𝐸(𝜆) · 𝐸(𝜆)
1240
· 𝑑𝜆
𝜆𝑒𝑛𝑑
𝜆𝑠𝑡𝑎𝑟𝑡
 
Equation 2.10 
where I (A) is current, λ (nm) is the wavelength, IPCE(λ) is is the incident-photon-to-current 
conversion efficiency, and E(λ) (J·s-1·nm-1) is the solar irradiance AM 1.5G solar spectrum100. 
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2.15 Open-Circuit Voltage Decay 
 The final photovoltaic characterization method commonly employed in this work was the 
collection of device carrier lifetimes from open-circuit voltage decay experiments. Stated simply, 
the device was maintained at open-circuit conditions under simulated one-sun conditions. A 
shutter then rapidly blocks the light, while the device is maintained with I=0, the magnitude of 
Voc decreases. With the lack of new charge carriers being injected into the electrode, the existing 
carriers begin to recombine according to their lifetimes as described in Equation 2.11: 
𝜏(𝑉) =  
𝑘𝐵𝑇
𝑞
[
𝑑𝑉𝑜𝑐
𝑑𝑡
]
−1
         
Equation 2.11 
 
where τ (s) is the charge-carrier lifetime at a specific voltage, kB (J·K-1) is the Boltzmann 
constant, T (K) is the temperature, and [
𝑑𝑉𝑜𝑐
𝑑𝑡
]  is the derivative of the Voc decay. In practice the 
decay is fit to an arbitrary function (e.g. tri-exponential decay) and then the derivative is 
calculated from the derived function (see Figure 2.8)78. 
 
Figure 2.8. Typical open-circuit voltage decay experiment for carrier lifetime calculation. (A) 
The Voc-decay (black line) and the fit (red line) to an arbitrary tri-exponential decay function. 
(B) The derived charge-carrier lifetimes. 
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2.16 Analytical Characterization 
Powder x-ray diffraction (XRD) experiments were performed on a Rigaku Multiflex from 
10-100° 2θ at a scan rate of 2° 2θ/min unless otherwise stated. XRD patterns were normalized to 
their highest peak intensity. Brunauer-Emmett-Teller (BET) surface area measurements were 
conducted utilizing a home-built system at ~77 K with N2 gas. Film thickness measurements 
were conducted with a KLA Tencor P-6 stylus profilometer for Chapter 3, but they were 
performed with a Bruker Detak XT for Chapters 4-5.  
High-resolution transmission electron microscopy (TEM) was performed on JEOL 
2010F-FasTEM using a 200 kV accelerating voltage for Chapter 3. Selected-area electron 
diffraction (SAED) patterns were obtained using apertures smaller than the ~100 nm particle size 
and thus represent diffraction from within an individual grain, unless stated otherwise. For 
Chapters 4-5, high-resolution TEM and high-resolution EDS mapping was obtained with an FEI 
Tecnai Osiris STEM equipped with a Super-X EDS system. Drift-corrected STEM-EDS maps 
were obtained using the Bruker Espirit software with a spatial resolution of ~0.5 nm. Scanning 
electron microscopy (SEM) imaging was performed on a FEI Helios NanoLab DualBeam D600 
with powder samples deposited on carbon tape.  
X-ray photoelectron spectroscopy (XPS) measurements were performed with a Kratos 
Axis Ultra DLD x-ray photoelectron spectrometer with ultraviolet photoelectron spectroscopy 
(UPS) capability, and all XPS data was corrected to the C 1s peak at 284.6eV.  For XPS data in 
Chapter 3 and 5, the O 1s region was fit to a sum of three Voigt functions (70/30 
Gaussian/Lorentzian) centered at ~529.2, ~530.9, and ~531.6 eV. For Chapter 4, elemental 
quantification was performed by XPS. Due to varying experimental intensities, the Al-content or 
B-Content is reported as the ratio of the Al/Ni weight %. Or B/Ni weight %. For Chapter 4, 
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elemental quantification was also performed by EDS on a FEI Helios 600 SEM. All plotted XPS 
spectra are shown after background subtraction. The background for each spectrum was fit 
individually by the Kratos Software.   
Electronic absorption measurements were acquired with a Cary 5000 UV-Vis-NIR from 
Agilent with integrating sphere attachment.  
For Chapter 3, Mott-Schottky measurements were performed in standard 0.2 M  LiClO4 
at pH 5.8 (adjusted with HClO4 and NaOH as needed) in a three electrode configuration 
(working: NiO on FTO; counter: Pt wire; reference: Ag/AgCl) with a Gamry Reference 600  
electrochemical impedance spectrometer at 500 and 1000 Hz utilizing a standard series RC 
equivalent circuit. The linear portion of the 1/C2 decay was then fit with a linear function 
yielding R2 > 0.98. The projected area of the electrode was utilized in order to extract an upper 
limit of doping level, which corresponds to a lower limit of carrier mobility.  
For Chapter 4, spectroelectrochemistry (50 mV steps; 60 s holds) and cyclic voltammetry 
(20 mV·s-1) were performed on a potentiostat (CH instruments 601d) in acetonitrile with 0.1M 
LiClO4 in a three-electrode configuration (working: FTO/NiO/Treatment; counter: Pt wire; 
reference: Ag/AgCl). Absorbance measurements for spectroelectrochemistry were performed 
with an Agilent 8453. For Chapter 5, a CH instruments 601e was utilized. 
Chemical capacitance (F·cm-2) and DOS (states·cm-3·eV) were calculated from the 
cathodic wave of the CV (Figure 4.6) assuming a porosity of 50% by using Equation 2.12: 
DOS = C [(1-p)*q*L]-1 
Equation 2.12 
 
where DOS (states·eV-1·cm-3) is density of states, C (F·cm-2) is capacitance, p (unitless) is 
porosity, q (c) is the elementary charge, and L (cm) is the film thickness.  
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2.17 Microelectrode Fabrication and Conductivity Measurements.  
Standard electron-beam lithography using MMA/PMMA was performed using a Hitachi 
S4700 SEM. Cr/Au (3/50 nm) was deposited using thermal evaporation (KEY KV-301). A NiO 
paste was spincast on the electrodes and annealed as desired. Electrical measurements were 
performed with a Keithley 2636A SourceMeter in conjunction with Signatone micropositioners 
(S-725) and probe tips (SE-TL). Measured NiO conductance values did not depend on the 
contacting probe geometry, confirming the electrical uniformity of the Au films after high 
temperature annealing. 
 
2.18 Targeted Atomic Deposition of Al 
Al deposition was performed in an Ultratech Savannah S200 system using trimethyl 
aluminum and water. TAD was performed at 100 °C (10 ms precursor pulses; 10 s hold; 60 s 
purge) whereas ALD was performed at 200 °C (20 ms precursor pulses; 20 s hold; 60 s purge). A 
portion of these substrates were annealed in air (450 °C; 40 min; humidity <20%). All 
temperature-dependent data sets (e.g. Figure 4.1, and Figure 4.4) were collected with 10 ms 
precursor pulses. The exact deposition conditions are listed in Table 2.1, with the programmed 
recipe in Table 2.2. 
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Table 2.1. Parameters of Ultratech Savannah S200 deposition reactor. 
Component Temp (°C) 
Valve Manifold 120 
Outer Chamber 100 
Inner Chamber 100 
Exhaust Line 150 
Vacuum Pump Trap 120 
TMA RT 
Water RT 
 
Table 2.2. Recipe for the TAD process. 
 Instruction Channel Value Units 
0 flow N2 20 sccm 
1 wait  600 sec 
2 flow N2 5 sccm 
3 wait  2 sec 
4 stop valve  0 close 
5 wait  2 sec 
6 pulse TMA 0.01 sec 
7 wait  10 sec 
8 stop valve  1 open 
9 wait  2 sec 
10 flow N2 20 sccm 
11 wait  60 sec 
12 flow N2 5 sccm 
13 wait  2 sec 
14 stop valve  0 close 
15 wait  2 sec 
16 pulse Water 0.01 sec 
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17 wait  10 sec 
18 stop valve  1 open 
19 wait  2 sec 
20 flow N2 20 sccm 
21 wait  60 sec 
22 flow N2 5 sccm 
23 goto Step 3 1 cycles 
     
 
2.19 Details of Theoretical Method 
The first-principles calculations here closely follow the computational details as 
described in ref101. DFT calculations were performed with the Hubbard correction using the 
Quantum Espresso code102. The interaction of the valence electrons with ionic cores was 
described by the Vanderbilt ultrasoft pseudopotentials103, and the Kohn-Sham wavefunctions 
were represented in a plane-wave basis set, where the energy cutoffs of the wavefunctions and 
the density were 30 Ry and 300 Ry, respectively. A 76-atom simulation cell was used to model 
the NiO(111) surface as a periodically repeating symmetric slab (24.10 Å in thickness) with a 15 
Å vacuum region in the surface normal direction. The surface Brillouin zone integration was 
performed with a 4×4×1 Monkhorst-Pack104 k-point grid. Spin-polarized calculations were 
carried out in this present work because of the antiferromagnetic nature of both bulk NiO and 
NiO(111) surfaces. In our calculation, the Hubbard U correction approach105-108 was applied to 
the generalized-gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE)109, 
because of the strong electron correlation of the partially filled d-shells in Ni atoms. The 
Hubbard parameter U and exchange parameter J are not considered separately but are combined 
as an effective parameter in the calculation 𝑈𝑒𝑓𝑓 (𝑈𝑒𝑓𝑓 = 𝑈 − 𝐽)
110. The value of 𝑈𝑒𝑓𝑓 was set to 
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5.4 eV as in previous works101, 111-115. The octopolar reconstruction phase was considered in this 
present work because of its stability as discussed in earlier works114, 116-121. The Ni vacancy and 
Al-doping structures were modeled using the octopolar reconstructed structure by removing or 
substituting one Ni atom with Al atom from the top-most stoichiometric layer. 
2.20 Targeted Atomic Deposition of B 
B deposition was performed in a home-built chemical vapor deposition system consisting 
of a 1” diameter quartz tube with Lindberg Blue single zone furnace, vacuum pump, pressure 
regulation, and precursor gases regulated by mass-flow controllers. All samples were thermally 
equilibrated at the deposition temperature of 50, 100, or 150 °C for 5 minutes before being 
exposed to diborane (100 ppm in H2) at 30mTorr for 30, 100, 300, or 1000 s. The deposition 
chamber was then pulled to vacuum for one minute and then purged with Ar for 1 minute. The 
purging process was repeated three times. All samples were utilized as deposited without further 
annealing. 
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Chapter 3: HEIRARCHICALLY-STRUCTURED NiO NANOPLATELETS AS 
MESOSCALE PHOTOCATHODES FOR DYE-SENSITIZED SOLAR CELLS 
 
Reprinted with permission from Flynn, C. J.; Oh, E. E.; McCullough, S. M.; Call, R. W.; Donley, 
C .L.; Lopez, R.; Cahoon, F. J.; J. Phys. Chem. C, 2014, 118 (26), 14177-14184. Copyright 
American Chemical Society 2016 
 
3.1 Introduction 
Dye-Sensitized Solar Cells, DSSCs, have been pursued as a low-cost solar energy 
platform for more than two decades. The most well developed dye-sensitized devices exhibit 
power-conversion efficiencies above 12% and use TiO2 as a mesoporous photoanode
122. In the 
typical configuration, the TiO2 surface is functionalized with molecular chromophores that inject 
electrons into the material, and the oxidized chromophore is regenerated by a liquid electrolyte. 
More recently, dye-sensitized photoelectrosynthesis cells, DSPECs, have been developed using a 
similar device configuration but replacing the chromophore with a chromophore-catalyst 
assembly that can catalyze redox processes for solar fuels generation18, 123. Despite the success of 
both DSSC and DSPEC devices using TiO2 photoanodes, future devices are likely to require a 
tandem configuration composed of both photoanode (e.g. TiO2) and photocathode materials
57, 124. 
Tandem devices can produce the larger photopotentials that are needed to generate solar fuels26; 
however, initial efforts to create these devices have yielded poor performance primarily limited 
by the photocathode material44, 83. 
The development of an optically transparent and high-performance p-type photocathode 
is a long-standing problem. Most development efforts have focused on metal oxides because of 
their generally large band gaps and low cost. Although several delafossite materials (CuMO2; M 
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= Al, Ga, Cr) have been considered65-68, NiO is the most well-developed and to-date highest 
performance wide-bandgap p-type metal oxide with a record photoconversion efficiency of 1.3% 
in a DSSC configuration88. This material generally exhibits low power-conversion efficiencies in 
DSSC devices even when using optimized molecular chromophores with a donor-acceptor 
structure that enhances charge separation and reduces recombination45-46, 54, 85. There are several 
interrelated reasons for the low performance of NiO devices40, 53, including low hole mobility, 
poor chromophore surface loading, high charge carrier recombination rates, and a low dielectric 
constant. Here, we attempt to address a sub-set of these problems by rationally controlling the 
morphology and microstructure of the material. 
Although mesoporous nanoparticle films are beneficial for surface area, the high density 
of interparticle boundaries is generally detrimental to electrical characteristics. For instance, 
mobility values of 0.53 cm2·V-1·s-1 have been reported for bulk NiO films125 whereas 
nanoparticle films have values at least five orders of magnitude lower, ranging from 5 x 10-7 to 6 
x 10-6 cm2·V-1·s-1 40, 55. This effect has driven interest in alternative morphologies, such as 
nanowires126, for metal oxides, which could improve electrical conduction by decreasing charge 
carrier hopping and scattering at defects and boundaries. Recently, mesoporous TiO2 single-
crystals have been synthesized that preserve high surface area but permit electrical conduction 
through large crystalline regions of the material42. For TiO2, this strategy resulted in an increase 
in the effective charge carrier mobility by approximately one order of magnitude42, and a similar 
effect was observed for crystals of Fe2O3
127. Here, we present a first step toward developing new, 
more efficient morphologies for NiO and designing thin films that can be used in tandem DSSC 
and DSPEC solar energy devices.  
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3.2 Materials and Methods 
The synthesis of ultrathin, hexagonal nanoplatelets was adapted from Matjiveć91 and is 
detailed in Chapter 2.1. Powder samples were prepared by calcining dried colloid in an open-air 
furnace at the desired temperature for 40 minutes (10 minute ramp, 30 minute hold). Room 
humidity was noted to be <20%.A viscous paste was fabricated using a modification of literature 
procedures83, and is detailed in Chapter 2.4. Films were spincast onto FTO glass to yield ~1-3 
µm-thick films and annealed/calcined in an open-air furnace at the desired temperature.  For the 
preparation of films with spherical nanoparticles, commercial NiO powder (Inframat) was 
substituted for Ni(OH)2 nanoplatelet powder. All subsequent paste preparation, film deposition, 
and DSSC fabrication procedures were identical for the two materials. 
XRD, Profilometry, HR-TEM, SEM, XPS, UPS, UV-Vis, and Mott Schottky were 
performed using the instrumentation and methods detailed in Chapter 2.16. P-type DSSCs were 
fabricated with C343 sensitized electrodes, a Z-960-like electrolyte, and a platinum 
counterelectrode under conditions detailed in Chapter 2.7 - 2.12. Microelectrode patterns were 
fabricated by electron-beam lithography with thermal evaporation of Cr/Au before deposition of 
the NiO films and are detailed in Chapter 2.17. 
3.3 Results and Discussion 
Ultrathin, hexagonal Ni(OH)2 platelets, as shown in SEM images in Figure 3.1.A, are 
highly uniform with a facet-to-facet lateral distance of 102 ± 15 nm and thickness of 8-10 nm.  
The hydroxide platelets were converted to NiO by calcination in air at temperatures ranging from 
250-600 °C. As illustrated schematically in Figure 3.1.B, calcination generally preserved the 
hexagonal cross section and dimensions of the platelets. Surprisingly, we also observed the 
formation of pores in the material. SEM images (see Figure 3.1.C) show progressively larger 
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pores at higher calcination temperatures, producing average pore sizes of 5 ± 1, 7 ± 2, and 15 ± 8 
nm at 350, 450, and 550 °C, respectively. Similar high-porosity NiO plates were recently 
reported for application in super-capacitors49, and this type of nanoscale pore formation has been 
observed during crystallization of 15-nm thick amorphous Si films128. The pore formation is 
presumed to be mechanically driven by the nearly two-fold increase in density upon conversion 
from Ni(OH)2 to NiO. Temperatures of 600 °C and greater caused sintering of the NiO particles.  
XRD on powders of Ni(OH)2 that had been processed at temperatures from 100-600 °C 
and loss of all pore structure, as evident from the SEM image in the right-hand panel of Figure 
3.1.C. Figure 3.2 showed conversion to NiO at a threshold temperature of 250 °C. The 
linewidths in the XRD spectra progressively narrow at higher calcination temperatures, and 
analysis using the Debye-Scherrer equation (see Figure 3.3.) indicates an increase in the 
 
 
 
 
Figure 3.1. Morphology of Ni(OH)2 and NiO nanoplatelets. (A) SEM image of as-synthesized 
Ni(OH)2 platelets; scale bar, 100 nm. (B) Schematic of the conversion between Ni(OH)2 and NiO 
at varying temperatures (C) SEM images of NiO formed from calcination in air of Ni(OH)2 
platelets at the temperature denoted in the upper-left corner of each image; all scale bars, 100 
nm. 
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Figure 3.2. Crystallinity and color of NiO nanoplatelets. (A) Powder XRD spectra for Ni(OH)2 
or NiO platelets processed at the temperature denoted to the right of each spectrum. (B) 
Photographs of Ni(OH)2 (bottom) and NiO formed at 450 °C (middle) and 600 °C (top). 
 
 
 
 
Figure 3.3. Temperature-dependent evolution of linewidths from powder XRD. (A) Full width at 
half maximum (FWHM) as a function of calcination temperature for the (111) reflection (black 
triangles and curve) and (200) reflection (red circles and curve). (B) Calculated crystallite size 
range from the Debye-Scherrer analysis utilizing a range of shape factors from 0.8-1.0. 
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crystallite grain size from 9-15 nm at 250-400 °C to 18-25 nm at 500-600 °C. Considering the 
100 nm lateral dimension of the particles, this analysis suggests the individual hexagonal 
particles are polycrystalline with a relatively large grain size even at low temperatures, which is 
confirmed by TEM analysis (see below). 
The temperature-induced changes in morphology and crystallinity were accompanied by 
a dramatic change in the color, as shown in Figure 3.2.B. The color of powders varied from 
bright green for Ni(OH)2 to black and light gray for low-temperature and high-temperature NiO, 
respectively. The dark color of NiO is typically attributed to the presence of Ni3+ impurity 
centers, which give rise to Ni2+-Ni3+ intervalence charge-transfer transitions in the visible 
wavelength range75. The Ni3+ centers are also associated with Ni vacancies that produce the p-
type conductivity of the material.129 Although recent reports59 have suggested the dark color may 
indicate the presence of Ni0, we found no evidence (see Figure 3.4) to support the presence of 
Ni0 in the platelets. 
To further elucidate the morphology of the NiO platelets, we performed high-resolution 
TEM imaging on a series of samples. Imaging of the Ni(OH)2 platelets (Figure 3.5.A) shows a 
uniform and crystalline material, and SAED patterns yield a hexagonal pattern expected from β-
Ni(OH)2. Lattice-resolved imaging on the side of a platelet (Figure 3.5.A, right) shows fringes 
spaced by 4.4-4.8 Å, which is in good agreement with the expected spacing of 4.6 Å along the 
<001> direction130. TEM imaging of a sample calcined at 250 °C (Figure 3.5.B, left) confirms 
the presence, even at this low temperature, of a high density of pores that are 2-3 nm in diameter.  
SAED patterns collected from a single platelet show a pattern consistent with the [111] 
direction of the cubic phase of NiO, indicating conversion of the (001) face of β-Ni(OH)2 to the 
(111) face of NiO. TEM imaging of NiO calcined at 450 °C (Figure 3.5.B, right) shows the  
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Figure 3.4. XPS, UPS, and XRD data of NiO nanoplatelets showing no evidence of metallic Ni0. 
(A) (i) XPS spectra of the Ni 2p region typical of NiO. The absence of a peak 852.3 eV (black 
dashed line) and the presence of a peak at ~853.6 is indicative of NiO and not Ni0.131 (ii) XPS 
spectra of the Ni Auger region. The broad two-peak feature is similar to literature patterns 
indicative of NiO and not Ni0. A single-broad peak would be expected for pure Ni0.132 (iii) XPS 
spectra of the O 1s region. Curves were fit to three Voigt functions centered at ~529.2,  ~530.9, 
and ~531.6 eV, which correspond to octahedrally-coordinated oxygen in NiO (~529.2 eV) and 
under-coordinated oxygen in Ni2O3/NiOOH/Ni(OH)2, (~530.9, ~531.6 eV). The area of the fits 
was used to determine a qualitative trend for the relative percentage of Ni in the two oxidation 
states, as detailed in Table 3.1.132 (iv) UPS spectra of the valence band edge of NiO. The 
presence of Ni0 would be shown as intensity up to the Fermi energy level marked with a black 
dashed line but is absent in all samples. (B) XRD spectra of NiO calcined at 450 °C. Inset: 
magnification of the region denoted by the black dashed box. Metallic Ni0 would have additional 
peaks at the positions denoted by arrows in the inset, which are centered at 44.4 and 51.8° 2θ and 
are clearly absent from the spectra.63 Spectra were obtained with a slower scan rate of 0.083° 
2θ/minute rather than the typical 2° 2θ/minute. (C) Optical image of NiO calcined at 450 °C 
showing a deep-black color even with absence of Ni0 in XRD and XPS/UPS spectra. 
 
 
 
51 
 
Figure 3.5. TEM images and SAED patterns showing the morphology and crystallinity of 
nanoplatelets. (A) Left, TEM image of a single Ni(OH)2 platelet; scale bar, 30 nm. Inset: SAED 
pattern from a single grain of the platelet. Right, side-on TEM image of a Ni(OH)2 platelet; scale 
bar, 5 nm. (B) Left, TEM image of a NiO platelet calcined at 250 °C; scale bar, 30 nm. Inset: 
SAED pattern from a single grain of the platelet. Right, TEM image of a NiO platelet calcined at 
450 °C; scale bar, 30 nm. Inset: SAED pattern from a single grain of the platelet. 
 
formation of larger pores that clearly extend through the entire platelet. SAED again confirms 
the cubic phase of NiO oriented in the [111] direction, and additional SAED patterns of this 450 
°C sample (see Figure 3.6.) indicate that the individual particles contain a small number of twist 
grain boundaries. The TEM analysis combined with the temperature-dependent XRD data in 
Figure 3.2.A suggest that individual NiO nanoplatelets are polycrystalline but contain a 
decreasing number of crystal grains per particle with increasing calcination temperatures. High 
surface area metal oxide films for DSSCs are typically composed of randomly-oriented spherical 
nanoparticles 5-20 nm in diameter. In contrast, films of the NiO platelets produce a high density 
array partially oriented in the [111] direction, as evident from the SEM image of a characteristic  
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Figure 3.6. Twist grain boundaries in NiO. (A) SAED pattern of a NiO nanoplatelet calcined at 
450 °C, showing evidence for twist grain boundaries (B) Hexagonal shapes overlaid in red, blue, 
and green to illustrate the twist grain boundaries apparent from the SAED pattern. 
 
 
film in Figure 3.7.A and additional images in Figure 3.8133. 
To explore the electrical characteristics of these films, we measured the lateral 
conductivity of NiO films using microfabricated Au electrodes, as depicted in Figure 3.7.B. The 
average resistances of platelet and nanoparticle films prepared under identical conditions and 
annealed at 450 °C are plotted as a function of electrode separation in Figure 3.7.C. Resistance 
values from the nanoparticle films are 10- to 100-fold larger than values from the platelets. A 
linear fit of the data yields conductivities of (6 ± 1) x 10-5 S·cm-1 and (2.2 ± 0.8) x 10-3 S·cm-1 for 
particles and platelets, respectively, using film thicknesses measured by profilometry. We 
performed similar measurements over a range of annealing temperatures, and the conductivity 
values as a function of temperature are shown in Figure 3.7.D. Under all conditions, 
nanoparticle films exhibit conductivities 10- to 100-fold smaller than nanoplatelet films. 
In order to rule out a large disparity in the doping levels of nanoplatelets compared to 
nanoparticles, XPS spectra for both particles and platelets were collected in the O 1s region in 
order to quantify the Ni2+ to Ni3+ ratio (Figure 3.9.A and Figure 3.10). The peak at lower  
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Figure 3.7. Electrical conductivity of NiO thin films. (A) SEM image of a nanoplatelet film 
calcined at 450 °C; scale bar, 1 µm. Inset: higher resolution SEM image of the film; scale bar, 
100 nm. (B) Left, optical image of microelectrodes patterned with 500 x 500 μm Au pads; scale 
bar, 1 mm. Right, bright-field optical microscopy image of the area denoted by the dashed box in 
the left-hand panel; scale bar, 100 µm (C) Typical microelectrode resistance measurements from 
450 °C nanoparticle (red circles) and nanoplatelet (black squares) thin films. Lines represent 
linear fits to the data to determine conductivity values. (D) Conductivity of nanoparticle (red 
circles) and nanoplatelet (black squares) thin films as a function of the calcination/anneal 
temperature. 
 
Figure 3.8. Morphology of the partially aligned mesoporous NiO Films. SEM images at high 
magnification (A) and low magnification (B) of NiO nanoplatelet mesoporous thin films 
annealed 350, 450, and 550 °C, from left to right, respectively. The films show partial alignment 
in the [111] direction, as evidenced by the large number of hexagonal (111) faces apparent in the 
images.  
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Figure 3.9. Doping level and effective mobility of NiO thin films (A) XPS spectra in the O 1s 
region of nanoplatelets (left) and nanoparticle (right) thin films annealed at 450 °C. (B) Upper 
limit of doping level determined from Mott-Schottky analysis for nanoparticle (red circles) and 
nanoplatelet (black squares) thin films calcined at temperatures from 350 to 550 °C. (C) Lower 
limit of effective carrier mobility for nanoparticle (red circles) and nanoplatelets (black squares) 
thin films calcined at temperatures from 350 to 550 °C. 
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Figure 3.10. XPS spectra in the oxygen 1s region. Thin films annealed/calcined from 350 °C 
(far left) to 550 °C (far right) for nanoparticles (top) and nanoplatelets (bottom). All spectra 
are normalized. The peak at lower binding energy corresponds to octahedrally-coordinated 
oxygen in NiO (~529.2eV) whereas the peak at higher binding energy corresponds to under-
coordinated oxygen in NiOOH/Ni2O3/Ni(OH)2 (~530.9; ~531.6 eV). 
 
 
 
 
 
binding energy corresponds to octahedrally-coordinated O2- whereas the peak at higher binding 
energy corresponds to hydroxylated and/or defective NiO, i.e. Ni3+ centers that act as the p-type 
dopant129, 132. The ratio of the integrated peak areas was determined to be ~70:30 for both 
nanoparticles and nanoplatelets at 450 °C (see Table 3.1.), suggesting that the doping level of 
the two materials is similar. UPS spectra of the particles and platelets (see Figure 3.11.) also 
show no appreciable difference in the Fermi level position relative to the valence band for the 
two materials, indicating the doping levels of the materials are approximately the same.  
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Table 3.1. Areas under the curve as derived from Voigt fits to the O 1s XPS spectra 
Nanoplatelet 
 350 °C 400 °C 450 °C 500 °C 550 °C 
~529.2 
NiO 
64.1 66.6 70.7 72.4 71.4 
~530.9 
NiOOH; 
Ni2O3; 
Ni(OH)2 
32.2 30.1 25.8 24.3 24.9 
~531.6 
NiOOH; 
Ni2O3; 
Ni(OH)2 
3.7 3.3 3.5 3.6 3.7 
Nanoparticle 
 350 °C 400 °C 450 °C 500 °C 550 °C 
~529.2 
NiO 
66.9 73.2 70.5 67.9 77.4 
~530.9 
NiOOH; 
Ni2O3; 
Ni(OH)2 
29.7 24.3 26.0 28.1 19.4 
~531.6 
NiOOH; 
Ni2O3; 
Ni(OH)2 
3.3 2.5 3.4 3.9 3.2 
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Figure 3.11. UPS measurements near the NiO valence band edge. UPS spectra for nanoplatelets 
(black) and nanoparticles (red) are shown as a function of the calcination/anneal temperature 
denoted to the left of each graph. The Fermi level, EF, is denoted by the dashed black line. 
Extrapolation of the data sets at each temperature yields approximately equivalent differences 
between the valence band edge and Fermi level for particles and platelets at each temperature, 
indicating the doping level of the materials are approximately the same. 
 
Additional measurements of the doping level were performed by Mott-Schottky analysis 
(see Figure 3.12.) of nanoparticle and nanoplatelets films at multiple calcination temperatures. 
As shown in Figure 3.9.B, the measurements yielded a doping level in the range of 3 · 1020 to 7 · 
1020 cm-3 for all samples. Note that because of ambiguities related to the film area, these values 
represent an upper limit on doping level (see Methods and Figure 3.12), and actual values are 
likely to be substantially lower. Most importantly, the analysis for particles and platelets yields 
similar results, confirming the similarity of the doping level for the two materials. Thus, we 
attribute the more than 10-fold increase in the conductivity of nanoplatelet films to an increase in  
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Figure 3.12. Mott-Schottky analysis of nanoplatelets calcined at 450 °C. (A) The capacitance 
determined from electrochemical impedance spectroscopy plotted in the form of the Mott 
Schottky Equation (Equation 3.1) for data acquired at an AC frequency of 500 Hz (black) and 
1000 Hz (red). A linear fit to the linear portion of the decay (dashed lines) is shown with R2 > 
0.98. The slope is converted to doping level using the projected area of the working electrode 
(A), the dielectric constant of NiO (εR = 9.7), the elementary charge q, and the permittivity of 
free space ε0. (B) Doping determined from several thicknesses of NiO films with the same 
projected area. The doping level determined by Mott-Shottky analysis is independent of film 
thickness, justifying the use of projected area rather the surface area in the Mott-Schottky 
equation. However, the projected area most likely substantially underestimated the surface area 
giving rise to the capacitance measured in the Mott-Schottky analysis; thus, the doping level 
determined from this measurement represents an upper limit on the doping level. 
 
1
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)    Ref:134 
Equation 3.1 
 
the effective electrical mobility by a similar order of magnitude. 
We determined an approximate lower limit on the mobility of NiO films, as shown in 
Figure 3.9.C, utilizing the conductivities from microelectrode measurements and doping levels 
from Mott-Schottky analysis. For nanoparticle films annealed at 450 °C, a mobility value of ~1 · 
10-6 cm2·V-1·s-1 was determined, which is in good agreement with literature values32, 47 ranging 
from ~5 · 10-7 to ~6 x 10-6 cm2·V-1 ·s-1.40, 55 In comparison, the nanoplatelet film yielded a 
mobility value of ~2 · 10-5 cm2·V-1·s-1, which is more than twenty-fold higher than the 
nanoparticle material. This substantial enhancement of the electrical mobility is consistent with 
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the enhanced mobility observed for mesoscale TiO2 single crystals
42 and can be attributed to a 
reduction in carrier scattering and hopping at interparticle boundaries. Note that attempts to 
further confirm the higher effective mobility of nanoplatelet films using transient 
photoconductivity135 were unsuccessful because the conductivity of the films did not change 
under high-intensity illumination (see Figure 3.13.). This observation is consistent with the 
characteristically short lifetime of photo-injected holes and high doping levels in NiO40, 131. 
The data in Figure 3.9.C show a progressively decreasing effective mobility with 
increasing temperature for both particles and platelet NiO. The mobility values change by 
~1800% from 350 to 550 °C. The similarity of the trend for both particles and platelets suggests 
that changes in the morphology of individual particles are not a primary cause of the reduced 
mobility. In addition, imaging of large areas of the thin-film materials (see Figure 3.8) do not 
show any substantial change in the continuity of the thin films (e.g. cracks) that could easily 
explain the changes with temperature. Considering the change in film color (Figure 3.2.B) yet 
negligible changes in doping level (Figure 3.9.B), the dramatic change in mobility is best 
attributed to changes in the stoichiometry or chemistry of the NiO surface40, 136, which 
 
Figure 3.13. Photoconductivity of dyed NiO nanoplatelets. Measurements of the dark 
conductivity and 1-sun photoconductivity of NiO nanoplatelet thin films dyed with Coumarin-
343 dye showing absence of a photoresponse. Experiments were also performed by directly 
pumping the dye with the output of 405 nm continuous-wave laser and still showed no 
photoresponse for illumination intensities of up to ~100 mW/cm2. 
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could include the migration of defect sites, dehydroxylation, and/or surface reconstruction that 
affect interparticle hopping and scattering. XPS data (see Figure 3.10. and Table 3.1.) show 
progressively decreasing signals from hydroxylated/defective NiO with increasing anneal 
temperature, suggesting a noteworthy change in the composition of the material with 
temperature. Nevertheless, the reduced mobility of NiO at higher calcination or annealing 
temperatures is a relatively surprising outcome that will be the subject of future theoretical and 
experimental investigations.  
To delineate the effect of the improved electrical mobility and hierarchical platelet/pore 
morphology on p-type DSSC performance, we fabricated devices following standard procedures 
using the Coumarin-343 dye (Figure 3.14.A) and iodide/tri-iodide electrolyte with a low tri-
iodide concentration, which avoids substantial photocurrent generation by direct photoexcitation 
of the electrolyte39, 80, 136. Note that Coumarin-343, although not an optimal chromophore for 
NiO in comparison to donor-acceptor dyes45-46, 54, 85, is the most widely reported chromophore 
for NiO137 and thus a good benchmark to elucidate trends in the DSSC performance.  
To quantify dye loading on the NiO films, absorption spectra were acquired as a function 
of calcination temperature (see Figure 3.14.B and Figure 3.15). The spectra show a four-fold 
decrease in dye loading from 350 to 450 °C. Measurements of the film surface area using BET 
analysis (see Figure 3.16.) showed a similar linear decrease in surface area over the same 
temperature range. Thus, the decreasing dye absorption appears to be correlated with the loss of 
surface area associated with a morphological change from high density of small pores to low 
density of large pores. 
The photovoltaic performance of NiO devices calcined at temperatures from 300-550 °C  
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Figure 3.14. Photovoltaic performance of p-type DSSC devices using NiO nanoplatelets. (A) 
Molecular structure of the dye Coumarin-343 (B) Absorbance maxima for dyed thin films as a 
function of calcination temperature. Error bars are comparable in size to the marker symbols and 
omitted for clarity. Inset: absorption spectra for dyed (solid lines) and undyed (dashed lines) 
films of NiO calcined at 350 °C (black curves) and 450 °C (red curves).  (C) Current density-
voltage curves under simulated 1-sun illumination for DSSC devices fabricated with NiO 
calcination temperatures from 350-500 °C. (D) Jsc (black squares and left-hand axis) and work 
function from UPS data (red squares and right-hand axis) as a function of NiO calcination 
temperature. Error bars for the work function are comparable in size to the marker symbols and 
omitted for clarity. (E) Voc (black squares and left-hand axis) and power-conversion efficiency 
(ɳ) (red triangles and right-hand axis) as a function of NiO calcination temperature. 
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Figure 3.15. Absorption in NiO films with and without Coumarin-343. (A) Absorbance of un-
dyed NiO films for a range of calcination temperatures (B) Absorbance of dyed NiO films (solid 
curves) for a range of calcination temperatures. The absorbance curves for the same un-dyed 
films are plotted as dashed lines. (C) Absorbance of Coumarin-343 adsorbed on the NiO surface 
plotted by taking the difference spectra between the dyed and un-dyed films for a range of 
calcination temperatures with background correction at 700 nm. (D) Normalized absorbance 
spectra of Coumarin-343 adsorbed on NiO films calcined at 300 (black), 450 (red), and 600 °C 
(green). (E) Fraction of the dye absorption relative to the total absorption of a dye-loaded NiO 
film. This fraction does not follow the same trend as Jsc, indicating that the background 
absorption from the NiO material is not a dominant factor in determining the overall trend in Jsc 
with temperature. (F) Calculated dye loading of platelets (black squares) and particles (red 
circles) with Coumarin 343 as a function of calcination/annealing temperature. 
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is summarized in Figure 3.14.C-E. As apparent from current density-voltage curves under 1-sun 
illumination (Figure 3.14.C), the highest performance was observed for samples calcined at 400 
and 450 °C. Most importantly, a nanoplatelet device fabricated at 450 °C yielded a power-
conversion efficiency ~30% higher, on average (see Table 3.2) than the comparable devices 
fabricated with commercial nanoparticles under identical conditions and with identical dye loading 
(see Figure 3.15) 
 
 
Figure 3.16. Surface area of NiO films as a function of calcination temperature. BET 
determination of the surface area for loose NiO powders calcined at temperatures ranging from 
250-600 °C. Values are relative because of the large potential for error in BET measurements of 
these materials. 
 
 
Table 3.2. Photovoltaic metrics for NiO DSSC devices using hexagonal platelets or spherical 
particles 
 Voc 
(mV) 
Jsc 
(mA·cm-2) 
FF 
(%) 
ɳ 
(%) 
plateleta,b 106 ± 3 0.48 ± 0.03 32.5 ± 0.4 0.017 ± 0.001 
particlea,b 90 ± 10 0.47 ± 0.06 31 ± 2 0.013 ± 0.003 
plateleta,c 104-108 0.43-0.52 31.6-32.9 0.014-0.018 
particlea,c 65-96 0.43-0.50 27-32 0.007-0.016 
a For a calcination/anneal temperature of 450°C  
b Average from 8 devices 
c Performance range from worst to champion device as defined by lowest and highest ɳ.  
 
64 
The DSSC performance of the platelets show distinct trends as a function of calcination 
temperature. The short-circuit current density (Jsc) from the devices (Figure 3.14.D) maximizes 
at 400-450 °C and is several times lower at both 350 and 500 °C. Interestingly, the maxima in 
absorption and Jsc do not occur at the same temperature but rather at 350 and 400 °C, 
respectively. The increasing Jsc despite decreasing absorption suggests that the internal quantum 
efficiency (IQE) of the DSSC devices substantially increases in the 400-450 °C temperature 
range. As shown in Figure 3.14.D, UPS was used to determine the work function of NiO as a 
function of temperature (see Figure 3.17 for spectra). For p-type devices that inject a hole into 
the semiconductor material, a lower work function increases the driving force for charge 
injection; thus, a higher IQE would be expected. The work function first decreases and then 
increases with temperature, reaching the lowest values at 400 and 450 °C. The trend is well 
correlated with the changes in Jsc, suggesting that the lower work function does serve to increase 
the charge injection efficiency and thus IQE and Jsc of the DSSC devices. 
 
 
 
 
Figure 3.17. Temperature-dependent NiO nanoplatelet work function from UPS measurements 
near the secondary electron cut-off. UPS spectra collected for calcination temperatures ranging 
from 350 to 550 °C were fit to a line in the range around ~9.5 eV to determine the work function 
as a function of temperature from the intercept with baseline. 
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Although the Jsc, dye-loading, and film thicknesses of nanoplatelet and nanoparticle 
devices optimized at 450 °C are nearly identical, the Voc of nanoplatelet devices (see Table 3.2) 
are 15-20% higher, on average, than nanoparticle devices. We attribute the improved Voc to 
reduced recombination as a result of faster hole diffusion through the mesoporous nanoplatelet 
film. In addition, the open-circuit voltage (Voc) of the nanoplatelet devices increases linearly 
with calcination temperature (Figure 3.14.E), reaching a maximum of 108 ± 4 mV at 500 °C. At 
temperatures of 550 °C and above, we observed decreasing mechanical stability of the NiO 
films, which lowered the photovoltaic metrics of these and all higher-temperature devices. The 
combination of trends with Jsc and Voc produced the maximum power-conversion efficiency for 
nanoplatelet DSSC devices (see Figure 3.14.E and Table 3.2.) at a calcination temperature of 
450 °C.  
3.4 Conclusions 
We have developed a method to synthesize high-quality NiO with a unique hierarchical 
structure composed of ultrathin, two-dimensional hexagonal platelets perforated with a high 
density of nanoscale pores. We observed a more than 10-fold improvement in the electrical 
mobility of thin films of this material in comparison to films of conventional nanoparticles. P-
type DSSC devices fabricated with the platelets exhibited a modest, 20-30% increase in 
performance over similar nanoparticle devices. Results collected over a range of calcination 
temperatures suggest that 450 °C is an optimal temperature for the preparation of NiO 
nanoplatelets that have high mobility, surface area, and charge injection efficiency. In 
conjunction with efforts to optimize chromophores for NiO45-46, 54, 85, the capability to rationally 
control the size, morphology, crystallinity, and electrical mobility of this material should provide 
a route to further improve the performance for tandem DSSC and DSPEC solar energy devices. 
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Chapter 4: SITE-SELECTIVE PASSIVATION OF DEFECTS IN NiO SOLAR 
PHOTOCATHODES BY TARGETED ATOMIC DEPOSITION 
 
Reprinted with permission from Flynn, C. J.; McCullough, S. M.; Oh, E.; Li, L.; Mercado, C. C.; 
Farnum, B. H.; Li, W.; Donley, C .L.; You, W.; Nozik, A. J.; McBride, J. R.; Meyer, T. J.; 
Kanai, Y.; Cahoon, F. J.; ACS Applied Materials and Interfaces, 2016. Copyright American 
Chemical Society 2016 
 
4.1 Introduction 
Semiconductor nanomaterials, including zero-dimensional (0D) nanocrystals, one-
dimensional (1D) nanowires, and two-dimensional (2D) nanosheets, have received widespread 
attention for their unique physical properties, which lead to applications in catalysis138, energy 
harvesting35, energy storage139, and sensing140, among others. The high surface-to-volume ratios 
and interfacial areas cause the surface to strongly influence the properties of both single particles 
and assembled materials. For instance, capping ligands on 0D quantum dots141 (QDs) are 
regularly used to improve the electrical mobility142 and photovoltaic device performance143-144 of 
QD devices. In 1D nanowires, passivating wide-bandgap shells are often grown to reduce surface 
recombination145. For 2D materials such as graphene and MoS2, the doping level, mobility, and 
charge-carrier lifetime are known to be strongly dependent on single-site and line defects146-148. 
General strategies to passivate defects in these materials are needed to realize their potential in 
solar energy applications149. 
Here, we characterize a process termed targeted atomic deposition (TAD) for the 
passivation of defects in the commonplace but often problematic material nickel oxide (NiO). A 
wide-bandgap p-type semiconductor, NiO is used as a hole-transport and electron-blocking layer 
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in energy-related devices, including electrochromic windows74, batteries150, electrocatalytic 
water splitting systems151, organic photovoltaics129, organo-halide perovskites41, and p-type dye-
sensitized solar cell (DSSC)39, 48, 73, 83. Depending on the application, NiO is used as a dense thin 
film or as nanoparticles or nanoplatelets48 assembled into a mesoporous structure. It is well-
known to have a high density of Ni vacancies63, 129, giving rise to the p-type doping, gray-to-
black color, and electrochromic behavior of the material50-51. In DSSC devices, NiO typically 
produces power-conversion efficiencies several times lower than analogous devices using 
TiO2
40. The low performance is attributable to a high defect density40 and low electrical mobility, 
which lead to high rates of surface-mediated recombination40, 85. Previous work to improve NiO 
has shown only moderate success, including increased mobility through morphology48, reduced 
recombination from higher crystallinity37, 46 or overlayers from atomic layer deposition (ALD)56  
or solution-phase deposition61, and lithium doping to fill trap states51. However, defects still 
consistently limit the performance of the material40. 
  We used TAD to passivate defect sites in NiO by taking advantage of a kinetically-
limited, vapor-phase reaction in which the most reactive sites on the material’s surface—the 
defect sites—are selectively passivated with aluminum (Al). Highly-reactive oxygen (O) 
dangling bonds adjacent to nickel (Ni) vacancies selectively react with trimethyl aluminum 
(TMA), as shown in Figure 4.1.A, and the passivation of these sites results in a nearly three-fold 
improvement in the performance of DSSC devices. The results suggest that TAD could be 
developed into a universal strategy to passivate defects in 0D, 1D, and 2D148 nanomaterials by 
exploiting the selective reactivity of defects with high-energy, vapor-phase precursors.  
Additive vapor-phase deposition processes, including chemical vapor deposition, 
molecular beam epitaxy, and ALD, are regularly used in the fabrication of high-performance 
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semiconductor devices. These processes are designed for layered or thin-film deposition of 
materials on a broad range of substrates. TAD is a complementary vapor-phase process 
optimized for site-selective modification of substrates rather than additive deposition, yielding a 
chemically-passivated material. In technical implementation, TAD is similar to ALD in that both 
techniques can be performed in a low-pressure, temperature-controlled chamber by introducing 
alternating doses of two precursors. In an ALD process, all thermodynamically-favored reactions 
react to completion with a vapor-phase precursor at the sterically-accessible sites on a material’s 
surface152, and tens to hundreds of dosage cycles are used to build-up nanometer-thick films153-
155. In contrast, TAD, as shown below, is a kinetically-limited156 rather than thermodynamically-
limited process performed with a small number of dosage cycles at a temperature below the ALD 
process window, typically 150-200 °C for the precursors TMA and water152. TAD takes 
advantage of temperature-dependent chemistry that can occur within the first or second 
kinetically-limited deposition cycles.  
4.2 Materials and Methods 
Ni(OH)2 nanoplatelets, prepared by literature methods,
48, 91 were pre-calcined in air as 
detailed in Chapter 2.1. A viscous paste was prepared using a modification of literature 
procedures,92 and is fully detailed in Chapter 2.4. Pastes of spherical NiO nanoparticles (Inframat 
Advanced Materials) were prepared following the same paste procedures. A mesoporous layer of 
NiO (~1.6 μm in thickness) was deposited as detailed in Chapter 2.6 and mechanically trimmed 
to size in accordance to the guidance in Chapter 2.7. Al deposition by Targeted Atomic 
Deposition and Atomic Layer Deposition is detailed in Chapter 2.18 (see also Table 2.2. and 
Table 2.1.). P-type DSSCs were fabricated with P1-sensitized NiO electrodes, z-960-like 
electrolyte, and platinized counterelectrodes as detailed in Chapter 2.7 - 2.12. The active area of 
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each electrode was ~0.7 cm2. UV-Vis, XPS, TEM, EDS, Spec-e-chem, and CV was performed 
using the instrumentation and methods detailed in Chapter 2.16 
First-principles calculations on the NiO surface using DFT with the Hubbard correction 
follow the same approach as in ref. 115. A periodically repeating and symmetric slab (76-atom 
cell; 24.10 Å in thickness; 15 Å vacuum region normal to the surface) is used to model the 
NiO(111) surface with octopolar reconstruction. The Ni vacancy and Al doping were modeled by 
removing or substituting one Ni atom with an Al atom in the top-most stoichiometric layer. See 
the Chapter 2.19 for extended computational details. 
4.3 Results and Discussion 
 Characterizing Targeted Atomic Deposition of Al 
We performed a TAD of alumina, using dosages of TMA and water, on ultrathin 
hexagonal nanoplatelets of NiO48. To determine the best conditions for TAD, we first quantified 
the extent of Al deposition after one dosage cycle for temperatures ranging from 70 to 200 °C 
using x-ray photoelectron spectroscopy (XPS). As shown in Figure 4.1.B, the Al content 
increases linearly for temperatures above 120 °C but is approximately constant at lower 
temperatures. At all temperatures, the estimated deposition is less than one monolayer. The 
absence of a high-temperature plateau, which would be characteristic of a self-limited ALD 
process152, combined with the sub-monolayer deposition suggest the chemical processes 
occurring in the first cycle are kinetically-limited and qualitatively different from the chemistry 
in subsequent cycles. In addition, the presence of a plateau below 120 °C suggests a unique 
chemistry in this low-temperature regime.  
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Figure 4.1. Selective vapor-phase deposition of Al on NiO. (A) Left: schematic representation of 
a single Ni vacancy on the NiO surface. Right: schematic representation of the TAD process, 
yielding site-selective passivation of the vacancy defect through a kinetically-controlled reaction 
with TMA, forming Al(OH)x. Images depicts Ni (blue), O (red), Al (green), C (black), and H 
(gray) atoms. (B) Normalized Al content, determined by the XPS Al/Ni weight-percent ratio, as 
a function of deposition temperature for a single deposition cycle on nanoplatelet NiO films 
(black squares). Dashed lines represent separate linear fits to data above and below 120 °C. (C) 
Relative Al content for ALD (red circles) and for TAD (black squares) as a function of the 
number of deposition cycles. All values are relative to the signal from one 200 °C cycle, and 
dashed lines represent linear fits to the data. (D) EDS STEM mapping of an ultrathin porous NiO 
nanoplatelet showing maps of Ni (red), O (blue), and Al (green) following two cycles of TAD. 
All scale bars, 8 nm. 
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We selected 100 °C for further development of the TAD process and compared the 
results to deposition at 200 °C, a typical temperature for ALD of aluminum oxide (AlOx). As 
shown in Figure 4.1.C for one to five cycles on NiO, the Al content at 100 °C is ~25% of the 
deposition at 200 °C, which was separately confirmed by analysis with energy dispersive x-ray 
spectroscopy (EDS; see Table 4.1 and Table 4.2.) in a scanning electron microscope (SEM).  
 
Table 4.1. SEM EDS elemental quantification of Al and Ni. Errors represent instrument reported 
uncertainties. 
Sample Ni Wt % Al Wt % Al / Ni   
Background Al - - -  
100 °C TAD 22.97 ± 0.14 1.14 ± 0.04 0.050 ± 0.002   
200 °C ALD 12.73 ± 0.10 2.50 ± 0.05 0.196 ± 0.004   
Ratio TAD/ALD 0.25 ± 0.01  
 
Table 4.2. XPS elemental quantification of Al and Ni. A small feature is present at the same 
energy as the Al 2s peak in the untreated NiO sample. In order to account for this feature, we 
subtracted the residual Al/Ni ratio from the untreated samples from that calculated for the 
TAD and ALD samples. 
Sample Ni Wt % Al Wt % Al / Ni 
Al / Ni  (Background 
Corrected) 
Background Al 77.35 0.75 0.010 0 
100 °C TAD 70.17 2.32 0.033 0.023 
200 °C ALD 51.05 5.42 0.106 0.096 
Ratio TAD/ALD 0.31 0.24 
 
In addition, the spatial uniformity of two cycles at 100 °C on nanoplatelet NiO was 
examined by EDS elemental mapping of Ni, O, and Al in a high-resolution scanning 
transmission electron microscope (STEM), as displayed in Figure 4.1.D. The Al map shows 
uniform deposition across the particle with a subtle preference for the edges and pores of the 
platelets, which is confirmed by EDS line scans (Figure 4.2.). EDS mapping after deposition at  
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Figure 4.2. Elemental mapping of NiO nanoplatelets with two cycles of TAD. (A) EDS STEM 
mapping of an ultrathin porous NiO nanoplatelet showing maps of Ni (red), O (blue), and Al 
(green). All scale bars, 8 nm. Reproduced from Figure 4.1.E for clarity. (B) Combined EDS map 
of  Ni and Al. Scale bar, 8 nm. (C) Normalized EDS line scan for Al and Ni along the path 
denoted by the white arrow in panel b. 
 
 
 
200 °C showed similar behavior but substantially more Al (Figure 4.3.). In addition, 
temperature-dependent XPS spectra (Figure 4.4 and Figure 4.5.) suggest the chemical nature of 
the Al species deposited at 100 °C is qualitatively different from the species at 200 °C, and the 
results indicate a preference to form aluminum hydroxide (Al(OH)x) bonded to Ni at lower 
temperatures and AlOx bonded to Al at higher temperatures. 
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Figure 4.3. Elemental mapping of NiO nanoplatelets with two cycles of ALD. (A) EDS STEM 
mapping of an ultrathin porous NiO nanoplatelet showing maps of Ni (red), O (blue), and Al 
(green). All scale bars, 8 nm. (B) Combined EDS map of  Ni and Al. Scale bar, 8 nm. (C) 
Normalized EDS line scan for Al and Ni along the path denoted by the white arrow in panel b. 
 
 
 
More specifically, the chemical character of Ni and O were examined to elucidate the 
difference between the first cycle of TAD, the first cycle of ALD, and five cycles of TAD, which 
has an equivalent Al-content to one cycle of ALD. Whereas an equivalent amount of Al 
deposited by TAD left the chemical character of Ni and O unchanged, even a single cycle of the 
higher-temperature ALD process significantly shifted the peak position of the most intense O 1s 
peak as well as the ratio of two peaks in the Ni 2p spectra. See Figure 4.5. for all collected 
spectra. 
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Figure 4.4. Chemical differences between TAD and ALD. (A) Normalized XPS spectra in the O 
1s region for untreated NiO (black), 1 TAD cycle (red), 5 TAD cycles (blue), and 1 ALD cycle 
(green). (B) Normalized XPS spectra in the Ni 2p region for untreated NiO (black), 1 TAD cycle 
(red), 5 TAD cycles (blue), and 1 ALD cycle (green). In panels a and b, spectra are offset for 
clarity. TAD cycles were performed at 100 °C and ALD cycles at 200 °C. (C) Left-hand axis: 
ratio of Ni 2p peak intensities at 855 eV and 853 eV (black squares) as a function of deposition 
temperature for a single cycle. Right-hand axis: position of the primary O 1s peak (red circles) as 
a function of deposition temperature for a single cycle. Dashed lines in panels a-c are guides to 
the eye.  
 
 
 
 
76 
 
Figure 4.5. XPS spectra of TAD-treated NiO. (A) Ni 2p spectra for as-deposited (black lines) 
and post-annealed (red lines) samples with 0 to 5 cycles of TAD. Annealed spectra are nearly 
indistinguishable from as-deposited spectra, indicating that the Ni bonding is essentially 
unchanged. (B) Oxygen 1s spectra for as-deposited (black lines) and post-annealed (red lines) 
samples with 0 to 5 cycles of TAD. Spectra show the growth of a feature at higher binding 
energy, which we assign to bonding in an Al(OH)x configuration. Upon post annealing, the 
higher binding energy feature shifts to lower binding energies, which is consistent with a 
transformation from a hydroxide-species to an oxide-species. (C) Aluminum 2s spectra for as-
deposited (black lines) and post-annealed (red lines) samples with 0 to 5 cycles of TAD, which 
show the growth of Al with each cycle. The spectra in panels a and b are normalized to their 
maximum intensity. The spectra in panel c are normalized to the Al wt. % to Ni wt. % ratio in 
order to show the relative growth of the peaks while excluding differences in experimental 
intensities. 
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In the O 1s region (Figure 4.4.A), XPS spectra for untreated NiO show a dominate peak 
at ~529 eV typical of formal O2- octahedrally-coordinated to formal Ni2+ with a smaller feature at 
~531 eV typically assigned to hydroxylated or defective NiO (e.g. NiOOH or O2- dangling bonds 
at Ni-vacancies in NiO)129. The TAD-treated NiO films show these same features but have an 
additional feature at higher binding energies typically assigned to O in aluminum hydroxide 
(Al(OH)x)
157. In comparison, the ALD-treated samples show a shift of the most intense peak to 
~530 eV after only one cycle, which is consistent with O2- in aluminum oxide (AlOx). Similarly, 
the Ni 2p XPS spectra (Figure 4.4.B) were examined. Compared to untreated NiO, the TAD-
treated samples show no change in the Ni spectrum even after five deposition cycles. The ALD-
treated sample, however, shows a large increase in the peak at ~855 eV after only cycle.  
We analyzed the dependence of the Ni 2p and O 1s XPS spectra on the deposition 
temperature, as shown in Figure 4.4.C, by plotting the ratio of the Ni peaks at 855 and 853 eV 
and the position of primary O peak, respectively. Both temperature-dependent data sets show 
distinct slopes at low and high temperatures, indicating a change in the chemistry of the 
deposition process. In conjunction with the trends in Al deposition in Figure 4.1.D, the data 
suggest that the surface of TAD-treated NiO primarily consists of conventional octahedrally-
coordinated NiO as well as a limited number oxygen-dangling bonds passivated by Al(OH)x 
whereas the ALD-treated NiO surface most likely consists of layered AlOx. 
 Passivation of Optical and Electronic Defect States 
Following a single cycle of TAD, the NiO samples were markedly bleached, as shown by 
the dramatic change from dark-gray to off-white color in Figure 4.6.A74, 76. The absorbance of 
NiO films was examined as a function of the number of TAD cycles, as shown in Figure 4.6.B. 
The bleaching of the film is apparent from difference spectra (see inset), which show two bleach 
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features. We separately performed spectroelectrochemical measurements on untreated NiO 
(Figure 4.7.), and the data show spectral features similar to the TAD-treated NiO. This similarity 
suggests that the defect states passivated by TAD are the same defect states that give rise to the 
well-known electrochromism of the material74, 76. 
Cyclic voltammetry was used to further probe the electronic states that could be 
responsible for bleaching of the NiO films by TAD, as shown in Figure 4.6.C. The 
voltammogram for neat NiO is not symmetric and shows at least three reversible peaks, which 
have previously been assigned to trap states slightly above the valence band maximum (VBM) 
and associated with Ni vacancies50-51, 63. Strikingly, however, these peaks disappear upon one 
cycle of TAD, as shown by the symmetric voltammogram in Figure 4.6.C. Using the cathodic 
wave, the data was converted into chemical capacitance and the equivalent density of states 
(DOS), as shown in Figure 4.6.D. For neat NiO, the DOS integrated over the energy range in 
Figure 4.6.D yields a value of 4.3 · 1020 cm
-3, which is in good agreement with literature values 
assuming a porosity of 50% for the films51. The TAD-treated NiO shows a substantially lower 
DOS and a functional form as expected for a defect-free semiconductor with a valence band edge 
at ~0.2 V vs silver/silver chloride (Ag/AgCl). 
The difference spectrum between the DOS for neat and TAD-treated NiO (right-hand 
side of Figure 4.6.D) yields the spectrum of the traps passivated by one cycle of TAD, which is 
well fit to the summation of four Gaussian peaks. Integrating the DOS yields a total trap density 
of 1.7 · 1020 cm-3 
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Figure 4.6. Optical and electronic effects of defect passivation. (A)  Optical image of 1.6 μm 
thick NiO films on glass slides without treatment (left) and with 1 TAD cycle (right). Scale bar, 
1 cm. (B) Absorbance spectra of 1.6 μm films for untreated NiO (black) and NiO with 1 (red), 2 
(green), 3 (gold), 4 (blue), and 5 (violet) cycles of TAD. Inset: difference spectra determined by 
subtracting the spectrum of the untreated NiO film from the spectra of the TAD-treated films. 
(C) Cyclic voltammetry vs Ag/AgCl potential for films of untreated NiO (green) and single-
cycle TAD-treated NiO (orange) collected with a scan rate of 20 mV/s in acetonitrile with 0.1 M 
lithium perchlorate. (D) Left: chemical capacitance and DOS vs Ag/AgCl potential for films of 
untreated NiO (green) and NiO treated with 1 cycle of TAD (orange). Right: difference spectrum 
(black line) determined by subtracting the spectra of the TAD-treated films from the spectrum of 
the untreated NiO film. The spectrum is well fit to the summation of four Gaussians (dashed 
lines) centered at -0.11, 0.23, 0.82, and 1.20 V vs Ag/AgCl . 
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Figure 4.7. Spectroelectrochemistry. (A) Spectroelectrochemical difference spectra of an 
untreated NiO film showing anodic electrochromism with the same spectral characteristics as 
observed from the bleaching produced by the TAD process. (B) Normalized absorbance changes 
at two wavelengths, 450 nm (black squares) and 900 nm (red circles), as a function of applied 
potential. Each curve is normalized to its maximum value, and the good agreement between the 
curves indicates that all spectral features in panel a originate from the same defect state, which is 
being electrochemically modified by the applied potential. 
 
Assuming each defect site is passivated by only one Al, complete passivation of these 
states would require the equivalent of ~0.1 monolayers, which is consistent with the sub-
monolayer deposition of the TAD process. These electrochemical results, combined with the low 
deposition rate and chemical differences between TAD and ALD, suggest that the TAD process 
preferentially targets the chemically-distinct defect sites of the material and that nearly complete 
passivation is achieved with only a single cycle. 
 First-Principles Calculation of Ni Vacancy Defects 
We performed first-principles calculations in collaboration with Prof. Yosuke Kanai’s 
group at UNC-Chapel Hill to better understand the origin of TAD passivation at an atomistic 
level. The (111) NiO surface was modeled using density functional theory (DFT) with the 
Hubbard correction158, which has previously been used to accurately describe the 
antiferromagnetic and electronic properties of NiO, as discussed in reference 115. The Hubbard 
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term is necessary to account for the strong electron correlation from the partially-filled d-orbitals 
on the Ni atoms. Based on our experimental observations, which are insensitive to different 
surface orientations (see below), we hypothesized that the defect states are most likely to arise 
from single Ni vacancies in stoichiometric NiO layers and that these states would be passivated 
by the addition of Al. As recently demonstrated101, 115, the (111) surface shows a rich variety of 
reconstruction phases. Here, we modeled the most stable phase, the octopolar reconstruction, and 
included an atomic Ni vacancy in the first stoichiometric layer of the surface. As shown by the 
electron density isosurface in Figure 4.8.A, the calculation confirms that a Ni vacancy induces a 
set of localized electronic states, which envelop O atoms in the layers directly above and below 
the Ni vacancy.  
Qualitatively, these states can be considered the O dangling bonds resulting from the 
vacancy. The states give rise to a broad set of peaks in the DOS approximately 0.4 eV above 
VBM, as shown by the yellow shaded area denoted by green arrows in Figure 4.8.B. 
Importantly, the states are localized near the surface and do not extend deeper into the bulk, as 
apparent from the layer-resolved DOS in Figure 4.8.B. To test if these defect states can be 
removed with Al, we performed a second calculation with an Al atom filling the vacancy. As 
apparent from the DOS in Figure 4.8.C, the broad peaks above the VBM disappear. 
Qualitatively, the Al atom can be considered to passivate the O dangling bonds created by the 
vacancy. The first-principles calculations are in agreement with experimental measurements in 
Figure 4.6. reproducing both the presence of defects above the VBM and passivation with Al. 
Thus, based on the combination of experimental and first-principles results, we attribute the 
experimentally-observed bleaching of NiO films and elimination of defect states upon TAD 
treatment to the passivation of the oxygen dangling bonds associated with Ni vacancies. 
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Figure 4.8. First-principles calculations of defect states and passivation in NiO. (A) Structure of 
the octopolar NiO (111) surface with a single Ni vacancy at the position denoted by the green 
arrow and sphere. Shown in yellow is the electron density isosurface for the defect states 
generated by oxygen dangling bonds associated with the vacancy. The topmost bi-layer is the 
non-stoichiometric octopolar surface reconstruction. (B) and (C), Layer-resolved DOS for 
stoichiometric NiO layers near the surface showing results for the vacancy (panel b) and Al 
substitution in the vacancy (panel c). Layers are labeled according to the numbers depicted in 
panel a with the vacancy located in layer 2. All energies are referenced to the VBM of bulk NiO, 
which is depicted with the vertical dashed lines. The DOS for bulk NiO is shown by the gray 
shaded area. Green arrows and yellow shaded areas in panel b denote the defect states associated 
with the vacancy. 
83 
 Performance of TAD-Treated DSSCs 
The passivation of defects in NiO should lead to substantial improvements in the 
performance of solar energy devices by reducing or eliminating charge-carrier recombination 
facilitated by the defect levels as well as removing trap-state shunt pathways. Below, we 
characterize the improvement in p-type DSSC devices using the iodide/triodide electrolyte and 
the P1 organic dye (see inset Figure 4.9.A), a well-studied hole-injecting chromophore37-38, 52, 56, 
58, 80-81. As depicted in Figure 4.9.A, these DSSC devices operate by first injecting holes from P1 
into the NiO valence band and second regenerating neutral P1 by electron transfer to the 
electrolyte. 
TAD-treated films of the NiO nanoplatelets ~1.6 µm in thickness were dye loaded with 
P1 and exhibited a vibrant red color (Figure 4.10), which confirms that the TAD treatment had 
no appreciable impact on the dye loading or light-harvesting efficiency (LHE) of the films (see 
Figure 4.11.). NiO electrodes with an area of ~0.7 cm2, which is two- to three-fold larger than 
previous literature reports with the P1 chromophore,37-38, 52, 56, 58, 80-81  were used to minimize the 
effect of electrode size on the measured photovoltaic performance metrics.  
We fabricated DSSC devices with zero to five cycles of TAD and with and without a 
post-anneal at 450 °C prior to dye loading (see Table 0.1.-Table 0.4. for all photovoltaic device 
metrics). Current-density vs voltage (J-V) curves under simulated 1- sun illumination are shown 
in Figure 4.9.B. Most notable in the J-V curves is the dramatic increase in the open-circuit 
voltage (Voc) from 129 mV for neat NiO to a maximum of 294 mV for 2 cycles of TAD without 
a post-anneal. This upper value is close to the theoretical limit of ~300 mV, as given by the 
difference between the valence band edge of NiO and Nernstian potential of the electrolyte. 
IPCE measurements were performed to confirm that photocurrent production was from dye 
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Figure 4.9. Effect of TAD passivation on p-type DSSC performance. (A) Energy-level 
schematic (not to scale) for a p-type DSSC utilizing the P1 dye and I-/I3
- electrolyte. The dashed 
green arrow represents light absorption by P1. The passivated surface states associated with 
recombination are shown as red curves, recombination processes as red arrows, and electron (e) 
and hole (h+) transfer events as black arrows. (B) Champion J-V curves under 1-sun illumination 
for 0 (red), 1 (blue), 2 (green), and 3 (orange) cycles of TAD for as-deposited (upper) and 450°C 
post-annealed (lower) samples. Inset:  for each curve relative to o, the efficiency of the 
untreated, 0-cycle sample. (C) The dependence of Voc (upper) and Jo (lower) on number of TAD 
cycles for as-deposited (black squares) and post-annealed (red circles) samples. (D), The 
dependence of Jsc (upper) and RS (lower) on number of TAD cycles for as-deposited (black 
squares) and post-annealed (red circles) samples. Error bars in panels b-d represent standard 
deviations from sample sizes of ≥ 3 and were omitted if comparable in size to the marker 
symbols. 
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Figure 4.10. NiO films dyed with P1. Optical image of 1.6 μm thick NiO films on glass dye-
loaded with the organic chromophore P1, showing an untreated neat film (left) and a film with 
one cycle of TAD (right). Scale bar, 1 cm. 
 
 
Figure 4.11. Light-harvesting efficiencies. (A) The light-harvesting efficiencies (LHEs) for the 
P1-sensitized NiO films with 0 to 5 cycles of TAD, which show little differences between all 
prepared samples. (B) LHE’s from P1-Sensitized and TAD-treated NiO films with a post anneal 
at 450 °C. LHE was calculated from LHE (λ) = 1 – 10-A(λ). (C) LHE at 490 nm for all samples in 
panels a and b. (D) Representative incident photon to current efficiency (IPCE) spectrum of a 
P1-sensitized NiO DSSC without TAD treatment. 
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sensitization (see Figure 4.11.). We also fabricated devices using commercial NiO nanoparticles 
and observed the same improvement (Figure 4.12.), which indicates the results are generic and 
applicable to NiO produced by a range of synthetic methods and with a variety of 
crystallographic orientations. 
 Analysis of DSSC Device Performance 
The trends in photovoltaic device parameters, including Voc, dark saturation current 
density (Jo), short-circuit current density (Jsc), and series resistance (RS) as a function of the 
number of TAD cycles, are shown in Figure 4.9.C and Figure 4.9.D and reveal two important 
aspects of the devices fabricated without a post-anneal (black curves). First, the Voc exhibits a 
maximum at 2-cycles but then plateaus and begins to fall at 4 to 5 cycles. The increase in Voc 
within the first two cycles corresponds well with a 1-2 order of magnitude decrease in Jo, which 
then plateaus for higher cycle numbers. The decrease in Jo is well correlated with a 1-3 orders of 
magnitude increase in the recombination lifetime of holes in NiO (see Figure 4.13.) Second, the 
Jsc progressively decreases with increasing number of TAD cycles, following an approximately 
exponential decay with cycle number. The changes in Jsc are well-correlated with an increase in 
RS (see also Figure 4.14.), which exhibits an exponential increase with cycle number
52.  
 We attribute the improvement in Voc at 1-2 TAD cycles to a reduction in the 
recombination rate as a result of defect passivation. The drop in Voc at 4-5 cycles is likely a 
result of the low Jsc for high cycle numbers, which reduces Voc because of a decrease in the 
ratio of Jsc to Jo, as predicted by the ideal diode equation. In addition, the exponential decrease 
of Jsc with cycle number is attributed to a decrease in the internal quantum efficiency (IQE) of 
the devices because the LHE (Figure 4.11.) of the films is constant and Jsc is proportional to the 
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Figure 4.12. Comparison of nanoparticle and nanoplatelet p-type DSSC performance. (A), The 
Voc for spherical nanoparticles (black squares) and hexagonal nanoplatelets (red circles) with 
various TAD treatments, showing nearly identical performance trends. Error bars are comparable 
in size to the marker symbols. (B), The Jsc for spherical nanoparticles (black squares) and 
hexagonal nanoplatelets (red circles) with various TAD treatments showing an identical trend but 
smaller magnitudes for the spherical nanoparticles. Error bars represent standard deviations from 
a sample size ≥ 3. 
 
 
 
 
 
product of IQE and LHE. We hypothesize that the decrease in IQE is primarily caused by a 
lowered charge injection efficiency from P1 into the NiO valence band as a result of tunneling 
through additional AlOx or Al(OH)x insulating layers. An exponential dependence of the rate of 
charge injection on layer thickness is a well-known effect for ALD deposition of insulating shells 
on metal oxide nanomaterials159. The decrease in IQE may also partially result from the reduced 
efficiency for charge transport through the film, manifested as an increase in RS that causes a 
deleterious increase in charge carrier recombination. 
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Figure 4.13. Dark J-V curves and Voc decay. (A) Dark J-V curves for devices with various TAD 
treatments both as-deposited (top) and with a post anneal at 450°C (bottom). (B) Device 
recombination lifetimes for various TAD treatments measured by Voc decay following 1-sun 
illumination for both as-deposited films (top) and post-annealed films at 450°C (bottom). 
 
 
Figure 4.14. Correlation of series conductance and Jsc. (A) The TAD-treated NiO devices 
without a post anneal show a strong correlation between the normalized Jsc and the normalized 
series conductance, GS. (B) The TAD-treated NiO devices with a post anneal at 450 °C also 
show correlation between the normalized Jsc and the normalized GS. For one TAD cycle, Jsc 
increases despite a small decrease in GS, suggesting an increase in the quantum efficiency of the 
device. For panels a and b, normalization was performed for one cycle of TAD. GS was defined 
as RS
-1 with units of (S/cm2). Error bars represent standard deviations from a sample size ≥ 3 and 
are omitted if comparable in size to the marker symbols. 
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 The Effect of Post-Annealing 
 For the first two TAD cycles, the post-anneal at 450 °C on average reduces Voc and RS by 
12% and 52% and increases Jo and Jsc by 5% and 40%, respectively, as apparent from the 
difference between the black and red curves in Figure 4.9.C and Figure 4.9.D. For all cycles, 
the change in Voc relative to the non-annealed sample is well correlated with the change in Jo, 
and similarly, the increase in Jsc for the post-annealed samples compared to the non-annealed 
samples is correlated with the lower RS. XPS spectra collected on the annealed samples (Figure 
4.5. and Figure 4.15.) indicate that the anneal converts Al(OH)x to AlOx. This result suggests 
that the oxide species produced by the post-annealing treatment improves the efficiency of 
charge transfer at surfaces and interfaces compared to the hydroxide species in non-annealed 
samples, producing the trade-off of a beneficial decrease in RS and detrimental increase in Jo 
upon the post-anneal. In addition, it is possible that the anneal drives Al into the interior of the 
particles, passivating bulk defects, but additional investigation would be necessary to  
 
 
 
Figure 4.15. Oxygen 1s XPS spectra for as-deposited and annealed TAD-treated NiO. (A) The 
oxygen 1s spectra for TAD-treated NiO without a post anneal. bB) The oxygen 1s spectra for 
TAD-treated NiO with a 450°C post anneal. 
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confirm this hypothesis. Interestingly, the post-annealed sample with one cycle of TAD exhibits 
the highest 1-sun power-conversion (ɳ) across all devices because the increase in Jsc upon 
annealing more than compensates the relatively small loss in Voc (see inset of Figure 4.9.B). 
We also fabricated DSSC devices from NiO treated with a single deposition cycle at 200 
°C (Figure 4.16 and Table 4.3.). These devices exhibited a maximum Voc of 135 mV and a 
maximum Jsc of 0.038 mA/cm2. If we assume the 200 °C single-cycle deposition is similar to an 
ALD cycle and produces a monolayer of AlOx coverage, the 97% decrease in Jsc compared to 
untreated NiO can be explained by a more than 50% drop in the rate of electron transfer from P1 
as a result of an ~1.5 Å thick tunneling barrier with a barrier height of ~1.6 eV.159 The poor 
photovoltaic performance following this ALD treatment highlights the importance of the site-
selective passivation provided by TAD to improve the photovoltaic properties of nanomaterials 
without detrimentally altering their fundamental performance characteristics. 
 
 
Figure 4.16. DSSC performance for 1 cycle of 100 °C TAD deposition and 1 cycle of 200 °C 
ALD deposition. Dark (dashed lines) and light J-V curves (solid lines) under simulated 1-sun 
AM1.5G illumination for NiO treated with 1 cycle of 100 °C TAD deposition (solid black line) 
or 1 cycle of 200 °C ALD deposition (solid red line). The NiO utilized for these devices were 
spherical nanoparticles. 
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Table 4.3. DSSC performance metrics of TAD-treated and ALD-treated NiO. The values 
represent the mean from a sample size of 4, and the uncertainties represent a single standard 
deviation. 
 Jsc (mA/cm2) Voc (mV) FF (%) PCE (%) 
ALD 0.033 ± 0.009 95 ± 50 27 ± 3 9 ± 6 (x10-4) 
TAD 0.5 ± 0.1 255 ± 2 38 ± 5 0.05 ± 0.01 
 
 
4.4 Conclusions 
Here, we have shown that the TAD process, which uses a vapor-phase precursor to 
selectively passivate the chemically-distinct defect sites in nanomaterials, can dramatically 
improve the DSSC performance of the ubiquitous solar photocathode material NiO. We expect 
that this result will easily be translated to improvements in other solar-energy devices 
incorporating NiO, including organic photovoltaics129 and organo-halide perovskites41. In 
addition, we believe the TAD process can be developed with a broad range of vapor-phase 
precursors and could represent a general strategy to passivate defects sites in 0D, 1D, and 2D 
nanomaterials. 
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4.6 Associated Content 
Appendix: Tables of DSSC Performance Metrics 
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Chapter 5: PASSIVATION OF NICKEL VACANCY DEFECTS IN NICKEL OXIDE BY 
TARGETED ATOMIC DEPOSITION OF BORON 
 
To be submitted by: Flynn, C. J.; McCullough, S. M.; Li, L.; Donley, C .L.; Kanai, Y.; Cahoon, 
F. J.;  
 
 
5.1 Introduction 
With the rise of global energy demands and alarming rise in atmospheric CO2 levels
160, 
carbon-neutral energy sources must continue to be developed and implemented at a rapid pace. 
Although solar energy conversion using photovoltaic devices has long been sought after as a 
potential solution161, a fundamental problem remains: the diurnal cycle of the Earth prevents 
continuous power generation. Excess power generated during the day must be stored, ideally in 
chemical bonds124. The tandem dye-sensitized photoelectrosynthetic cell (DSPEC) offers a 
potential solution by using solar energy to create solar fuels by performing simultaneous water 
oxidation and CO2 reduction mimicking photosynthesis
18, 27-30, 162. The molecular oxygen and 
reduced-carbon products are then stored and combusted as needed.  Rather than a single highly-
efficient electrode, a tandem device is required to produce a sufficiently large photopotential to 
perform both reactions.  
Recent work on optimizing the photoanode of the tandem-DSPEC has shown remarkable 
progress through the utilization of staggered band alignments (e.g. SnO2/TiO2)
162-163, 
chromophore-catalyst assemblies prepared by atomic layer deposition (ALD)164, and 
chromophore-catalyst stabilization by ALD overlayers162. Work on the photocathode, however, 
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lags behind. To date, much of the work on the photocathode has focused on improving the 
chromophore by synthesizing donor-π-acceptor molecules80, 83, 165-166, creating a hydrophobic 
protection layer in the molecules167, and improving the light absorption properties168.  
While many wide-bandgap p-type semiconductors have been explored (e.g. nickel 
oxide37-38, 46, 48, 52, 56, 58, 73, 80-81, 83, spinel cobalt oxides69-70, copper oxides169, copper-based 
delafossites65-68, 170, bismuth oxyhalides171), nickel (II) oxide (NiO) still remains the champion 
material in dye-sensitized applications73. The relatively low performance of NiO devices has 
been attributed to a myriad of issues, including ultrafast surface-mediated recombination, high 
dark saturation current density (Jo), black coloring, short hole lifetime, low hole mobility, high 
series resistance, and low dielectric constant40, 53. Previous work to improve or mitigate these 
characteristics have included doping with cobalt89, lithium51, and magnesium81; ALD overlayers 
of alumina56; solution-phase deposition of alumina61; increased hole mobility through 
nanoparticle morphology48; and reduced recombination through higher crystallinity37, 46, 62. 
However, performance is still generally low, and defect sites still limit the device performance. 
The remarkably large surface trap state density of NiO originates from under-coordinated 
oxygen atoms adjacent to Ni vacancies in the lattice47. We recently demonstrated that these trap 
states are responsible for the black coloring of the electrodes, short hole lifetime, and high dark 
saturation current density47. Historically, the black coloring in NiO has been attributed to 
intervalence charge transfer (e.g. Ni2+-Ni3+ and Ni3+-Ni4+ transitions)75. However, recent first 
principles calculations47 have shown that the trap states that give rise to the optical transitions are 
predominately oxygen-based states near Ni vacancies.  
In order to passivate these under-coordinated oxygen atoms, a selective passivation 
method is needed. Recently, the use of a targeted atomic deposition (TAD) of aluminum to these 
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surface trap states resulted in the optical and electronic bleaching of electrodes, increase in hole 
lifetimes by >10-fold, a beneficial decrease in the Jo by >10-fold, an increase in the Voc to the 
theoretical maximum, and a nearly 3-fold increase in photoconversion efficiency47. TAD is a 
vapor-phase process where a highly-reactive precursor such as trimethyl aluminum or diborane 
selectively reacts with undercoordinated surface sites rather than depositing conformal atomic 
layers typical of ALD or the homogenous overcoating typical of chemical vapor deposition 
(CVD), see Figure 5.1.A.  
 
 
 
Figure 5.1. Targeted Atomic Deposition of B onto nanoparticle NiO. (A) Cartoon schematic of 
the site-selective defect passivation. (B) Example of XPS quantification of B for samples treated 
for 1000 s at various temperatures determined by B/Ni weight percent ratio. (C) Relative B 
content as a function of deposition time at 50 °C (red squares and dashed line), 100 °C (green 
circles and dashed line), and 150 °C (yellow triangles and dashed lines). Dashed lines represent 
first-order rate kinetic fits for 50/100 °C and a zeroth order linear line of best fit for 150 °C. 
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This site-selective passivation is accomplished at temperatures too low to perform atomic 
layer deposition, allowing kinetic control over the reaction rather than the thermodynamic 
control necessary for atomic layer deposition. More simply, TAD exploits the temperature-
dependent chemistry that occurs in the first cycle of ALD allowing for site-selective rather than 
surface-selective deposition47. In our previous work, we clearly demonstrated a TAD of Al and 
optimized the deposition conditions on mesoporous thin film electrodes of NiO with a single 
pulse of TMA at 100 °C. Here, we will prove that a pulsed procedure is not necessary and show 
that TAD is possible with a new precursor, diborane.  
5.2 Materials and Methods  
Spherical nanoparticles of NiO were obtained from Advanced Materials Inframat. A 
viscous paste was prepared using a modification of literature procedures,92 and is fully detailed 
in Chapter 2.4. A mesoporous layer of NiO (~1.0 μm in thickness) was deposited as detailed in 
Chapter 2.6 and mechanically trimmed to size in accordance to the guidance in Chapter 2.7. B 
deposition by Targeted Atomic Deposition and Atomic Layer Deposition is detailed in Chapter 
2.20. P-type DSSCs were fabricated with P1-sensitized NiO electrodes, z-960-like electrolyte, 
and platinized counterelectrodes as detailed in Chapter 2.7 - 2.12. The active area of each 
electrode was ~0.55 cm2. Devices were tested over several days before plateauing up to a final 
performance. UV-Vis, XPS, and CV was performed using the instrumentation and methods 
detailed in Chapter 2.16. B-content is reported as the B/Ni ratio to minimize differences in 
experimental intensities. 
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5.3 Results and Discussion 
 Characterizing a Targeted Atomic Deposition of B 
 The TAD of B on mesoporous thin film electrodes of NiO was performed in a home-built 
chemical vapor deposition system by continuous flow of diborane (100 ppm) diluted in H2 gas. 
In order to prove that the TAD process could be performed in a variety of ways, several 
deposition conditions have been intentionally changed to show their lack of effect. Namely, the 
CVD system utilized a tube furnace with a laminar flow profile as the deposition chamber rather 
than a flat heating surface with diffuse exposure in an ALD chamber.  
The relative B-content was determined by x-ray photoelectron spectroscopy (XPS) for 
temperatures of 50, 100, and 150 °C for times between 30-to-1000 s, see Figure 5.1.B. 
Interestingly, the deposition at 50 and 100 °C plateaus in a self-limiting manner and is well-fit to 
a monoexponential rise, corresponding to a first-order rate equation (Figure 5.1.C). The 
deposition rates confirm the self-limiting nature of B-deposition at these temperatures and the 
kinetic control possible for TAD. However at 150 °C, a linear deposition rate is observed 
indicating that the reaction has become zeroth order with respect to the NiO substrate and 
indicates significant homogenous decomposition and overcoating, typical of CVD. Deposition 
times of 1000 s were selected due to the thermally-limited deposition at 50 and 100 °C and the 
incomplete reaction at shorter times.   
We further examined the XPS spectra to survey the chemical character of the untreated 
and B-treated NiO electrodes. The Ni 2p spectra, Figure 5.2.A, show insignificant changes until 
a deposition temperature of 150 °C. Only at a deposition temperature of 150 °C does the ratio of 
the two peaks at 853/855 eV invert indicating a fundamental change in the Ni character.  From  
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Figure 5.2. Chemical characterization of B-treated NiO by X-ray photoelectron spectroscopy. 
XPS spectra of NiO without treatment (black traces) and with treatment for 1000 s at 50 °C (red 
traces), 100 °C (green traces), and 150 °C for (A) Ni 2p and (B) O 1s. 
 
our previous work, it was observed that this inversion of the ratio of the peaks was also 
deposition temperature dependent and correlated to a decrease in device performance.  
Upon the deposition of boron and exposure to atmosphere, the O 1s spectra, see Figure 
5.2.B. and Figure 5.3, show the growth of a feature at higher binding energy, 532.2 eV, 
indicative of the presence of a [B(OH)x]-like species. At a deposition temperature of 150 °C, 
however, significant growth is apparent which evidences the significant increase in B-content 
from homogenous CVD overcoating. Additionally, the higher temperature deposition requires 
two additional Voigt peaks centered at 530.0 and 532.9 eV to properly fit the spectra indicating 
the existence of two additional chemical environments present in the overcoated samples. 
 Passivation of Optical and Electronic Surface Trap States 
 The dark coloring of NiO was bleached by the diborane treatment at the three 
temperatures tested (Figure 5.4.A). The absorbance of the films was then measured by standard 
UV-VIS spectroscopy and shows a complimentary bleach in the visible and near-infrared, 
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Figure 5.3. Analytical Fitting of O 1s XPS Spectra.  XPS spectra of NiO without treatment (top 
plot) and with treatment for 1000 s at increasing deposition temperatures. Dashed lines represent 
the fitted Voigt functions or the summation of the fit (gold dashed line). All spectra are 
normalized to their highest peak intensity. 
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Figure 5.4. Optical and Electronic Bleaching of NiO by a TAD of B. (A) Optical images of 1.0 
µm-thick mesoporous NiO nanoparticle films on glass slides without treatment (left) and with a 
TAD of B at 50 °C (center-left), 100 °C (center-right), and 150 °C (right). Scalebar represents 1 
cm. (B) Absorbance spectra of 1.0 µm-thick films for untreated NiO (black) and NiO with a 
TAD of B at 50 °C (red), 100 °C (green), and 150 °C (yellow). Inset: difference spectra 
determined by subtracting the spectra of the untreated NiO from the spectra of the TAD of B-
treated films. (C) Cyclic Voltammetry versus Ag/AgCl potential for films of untreated NiO 
(black) and NiO with a TAD of B at 50 °C (red), 100 °C (green), and 150 °C (yellow) collected 
with a scan rate of 20 mV·s-1 with 0.1 M lithium perchlorate. (D) Density of states versus 
Ag/AgCl for films of untreated NiO (black) and NiO with a TAD of B at 50 °C (red), 100 °C 
(green), and 150 °C (yellow). 
 
 
Figure 5.4.B. Difference spectra between the untreated and treated NiO films show two distinct 
features in the bleach with a peak at ~500 nm and a long tail into the NIR. The shape of the 
bleach matches well with the bleach obtained by a TAD of Al47.  
 The electronic properties of the electrodes were probed by cyclic voltammetry, Figure 
5.4.C. The scans show at least one reversible peak that diminishes greatly in intensity as a TAD 
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of B is deposited. Our previous work showed that these peaks correspond to trap states slightly 
above the valence band edge and as described above arise from the under-coordinated oxygen 
associated with Ni vacancies. To probe the nature and quantity of these defect states, the density 
of states (DOS) was then calculated from the cathodic wave of the CV scans and is shown in 
Figure 5.4.D. The integrated density of states, from -0.5 to 1.0V vs Ag/AgCl, decreases by 
~50% after 1000 seconds of treatment at either 100 or 150 °C. The TAD of B does not appear, 
however, to completely passivate the surface trap states as was shown with a TAD of Al.    
 The nature of the passivated trap states was further explored by fitting the difference 
spectra of the DOS for the treated NiO films subtracted from the untreated NiO films. As is clear 
in Figure 5.5, there are three distinct trap states peaks well fit to Gaussian peaks centered at -
0.11, 0.10, and 0.55 V vs Ag/AgCl. These trap state peaks are qualitatively similar to those we 
have previously reported, but with different ratios of intensities, which we preliminarily attribute 
to the differences in the ratio of crystal faces. Whereas the hexagonal nanoplatelets we 
previously reported are primarily the <111> crystal face48, the spherical nanoparticles utilized 
here provide a mixture of surfaces and thus differing ratios of surface trap state densities. 
Differing ratios of peak intensities and total chemical capacitance/DOS was recently reported by 
Wood et. al.82 when comparing multiple forms of commonly used NiO. The time dependence on 
the nature of the trap states passivated by the TAD treatment was also examined at a deposition 
temperature of 100 °C, Figure 5.6. The passivated trap state density increases with time as 
expected. 
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Figure 5.5. Temperature Progression of Defect Site Passivation. (A) Density of states versus 
Ag/AgCl for films of untreated NiO (black) and NiO with a TAD of B at 50 °C (red), 100 °C 
(green), and 150 °C (yellow). (B-D) Difference DOS spectra determined by subtracting the 
treated NiO DOS from the untreated NiO spectra for 1000 seconds at 50 °C (panel B and red 
line), 100 °C (panel C and green line), and 150 °C (panel D and yellow line). The difference 
spectra are well fit to the summation of three Gaussian peaks (dashed lines) centered at -0.11, 
0.10, and 0.55V vs Ag/AgCl.  
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Figure 5.6. Time Progression of Defect Site Passivation at 100 °C. (A) Density of states versus 
Ag/AgCl for films of untreated NiO (black) and NiO with a TAD of B at 100 °C for 100 s (light 
blue), 300 s (dark blue), and 1000 s (green). (B-D) Difference DOS spectra determined by 
subtracting the treated NiO DOS from the untreated NiO spectra at 100 °C seconds for 100 s 
(panel B and light blue line), 300 s (panel C and dark blue line), and 1000 s (panel D and green 
line). The difference spectra are well fit to the summation of three Gaussian peaks (dashed lines).  
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 Performance of TAD of B-Treated DSSCs 
   With evidence of site-selective passivation of surface trap states in strong agreement 
with our previous work, we fabricated a series of p-type DSSC devices to demonstrate the effect 
of the TAD of B on the hole transport properties of NiO. We utilized a commercially-available 
and well-studied hole-injecting chromophore, P137-38, 52, 56, 58, 80-81, and a standard I-/I3
- electrolyte, 
Figure 5.7. Current density vs voltage (J-V) curves were collected under dark and simulated one-
sun illumination. Photovoltaic performance for the control devices without treatment are 
consistent with literature reports37-38, 47, 52, 56, 58, 80 and overall device photoconversion efficiencies 
of 0.043 ± 0.004 %. Upon a 50 °C treatment with a TAD of B, the photoconversion efficiency 
increases relative to the controls by 35% to 0.058 ± 0.002 %, see Figure 5.7.B, Table 5.1, and 
Table 5.2.  
 
Table 5.1. Average photovoltaic characteristics for TAD of B  
Deposition 
T (° C) 
Jsc 
(mA·cm-2) 
Voc 
(mV) 
FF 
(%) 
PCE 
(%) 
Jo 
(A·cm-2) 
Series Res. 
(Ω·cm2) 
N.D. 1.2 ± 0.1 129 ± 1 28.0 ± 0.3 0.043 ± 0.004 9 ± 2 (x10-6) 77 ± 6 
50 1.29 ± 0.05 156 ± 2 29.0 ± 0.3 0.058 ± 0.002 6 ± 3 (x10-6) 81 ± 3 
100 1.3 ± 0.2 148 ±3 28.6 ± 0.3 0.055 ± 0.006 5.4 ± 0.9 (x10-6) 77 ± 6 
150 0.51 ± 0.09 169 ± 6 30.4 ± 0.8 0.026 ± 0.005 2.5 ± 0.7 (x10-6) 200 ± 40 
 
Table 5.2. Photovoltaic characteristics of champion devices for TAD of B 
Deposition 
T (° C) 
Jsc 
(mA·cm-2) 
Voc 
(mV) 
FF 
(%) 
PCE 
(%) 
Jo 
(A·cm-2) 
Series Res. 
(Ω·cm2) 
N.D. 1.30 131 27.7 0.047 1.01 x10
-5 72.5 
50 1.34 154 29.2 0.061 1.06 x10
-5 77.2 
100 1.51 144 28.8 0.063 6.63 x10
-6 64.8 
150 0.60 162 31.4 0.031 3.38 x10
-6 149.6 
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Figure 5.7. P-type dye-sensitized solar cell device performance. (A) Champion J-V curves under 
simulated one-Sun illumination (solid lines) and in the dark (dashed lines) for NiO devices 
sensitized with the P1 chromophore in a standard I-/I3
- electrolyte without treatment (black trace) 
and with a TAD of B for 1000 s at 50 °C (red trace), 100 °C (green trace), and 150 °C (yellow 
trace). (B) Deposition temperature dependence on the device photoconversion efficiencies (C), 
open-circuit voltage (black trace and left axis), and short-circuit current density (red trace and 
right axis). (D) Incident photon-to-current conversion efficiency spectra for champion NiO 
devices without treatment (black trace) and with a TAD of B for 1000 s at 50 °C (red trace), 100 
°C (green trace), and 150 °C (yellow trace). Averages and standard deviations represent n=4. 
N.D. means no deposition and represents the untreated NiO samples. 
 
Similarly, the treatment at 100 °C increased the photoconversion efficiency to 0.055 ± 
0.006 %. The photoconversion efficiency for the devices was only found to decrease with a 
deposition temperature of 150 °C due to a sharp decrease in the short-circuit current density, see 
Figure 5.7.C. This sharp decrease in Jsc is well correlated with a sudden increase in the series 
resistance of the electrode from 77 ± 6 to 200 ± 40 Ω·cm2 for untreated NiO and NiO treated at 
150 °C respectively.  
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 To confirm the origin of the photocurrent generated by the devices, incident photon-to-
current conversion efficiencies (IPCE) measurements were performed on the champion devices. 
Each trace matches well with the absorbance spectra of the P1 chromophore bound to the surface 
of NiO, see Figure 5.8. for light-harvesting efficiency (LHE) spectra. The internal quantum 
efficiency of the devices was also calculated by normalizing the IPCE spectra with the dye-only 
absorptance spectra, which shows a maximum IQE of ~21 % at 500 nm for champion device 
treated at 100 °C.  
The device charge carrier lifetimes, Figure 5.8.C, were obtained via open-circuit voltage 
decays with a starting illumination of one-sun. The TAD of B treatment increases the lifetimes 
by ~2-fold at a given Voc with longer lifetimes correlating with higher deposition temperatures. 
These longer charge-carrier lifetimes were expected due to the removal of surface trap states, 
which had previously been reported to facilitate charge recombination62, 172. Additionally, 
 
 
 
Figure 5.8. Extended P-type dye-sensitized solar cell device performance. (A) Light-Harvesting 
Efficiency, (B) Internal Quantum Efficiency, (C) and charge-carrier lifetimes for NiO electrodes 
sensitized with the P1 chromophore without treatment (black traces) and with a TAD of B for 
1000 s at 50 °C (red traces), 100 °C (green traces), and 150 °C (yellow traces).  
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the overall decreased DOS, as shown in Figure 5.4, should increase the charge carrier lifetime 
due to the decreased rate of electron recombination. The subtle increase in the charge-carrier 
lifetime is also well correlated with a 3.6-fold decrease in the dark-saturation current density. 
While the open-circuit voltage does increase upon treatment with B, the increase is significantly 
lower than that of treatment with Al. This is partially due to the incomplete electronic passivation 
observed in cyclic voltammetry indicating that a significant surface trap state density exists in the 
material after treatment. Further theoretical study is ongoing to provide further into the ability of 
B to successfully passivate the undercoordinated oxygen atoms through first principles 
calculations.  
 Conclusions: 
 We have shown that a targeted atomic deposition of boron can successfully passivate the 
surface trap states of the widely-used and champion photocathode material, NiO. The deposition 
kinetics were shown to obey first-order rate equations up to 100 °C after which point zeroth-
order rate behavior was observed resulting in homogenous CVD overcoating of the electrode. 
Optical and electronic bleaching of the NiO electrodes was observed indicating the successful 
passivation of surface trap states near the valence band. P-type DSSCs were fabricated to 
observe the performance impact of this successful passivation and showed a modest 
improvement in the open-circuit voltage correlating well with an increase in the charge-carrier 
lifetimes from open-circuit voltage decays. Further theoretical study is ongoing to provide 
further insight into the ability of B to passivate the surface trap states of NiO. 
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Chapter 6: CONCLUSIONS 
 
To realize an efficient tandem dye-sensitized photoelectrosynthetic cell, a highly 
optimized and robust photocathode material must be obtained. NiO represents the best material 
known to date. However, numerous problems exist within the material and in devices made from 
the material such as poor charge-carrier mobility, black coloring, significant trap state density, 
high dark currents, poor fill factor, low photocurrent density, and low open-circuit voltages. We 
first set out to rationally design an ultrathin hexagonal nanoplatelet which would yield high 
surface areas and long conduction pathways. We hypothesized that the long conduction 
pathways would increase the ease of charge conduction through the material, the charge-carrier 
mobility. The charge carrier mobilities in our electrodes was found to increase by one order of 
magnitude utilizing microelectrodes and Mott-Schottkey analysis. P-type DSSCs utilizing these 
optimized hexagonal nanoplatelets show modest improvements in the Voc, but a changing 
surface dipole was found to most directly affect the device performance. 
In order to address the problems at the surface of NiO, we developed a new vapor-phase 
deposition technique deemed Targeted Atomic Deposition (TAD) for the site-selective 
passivation of surface defects in nanomaterials. Using temperatures far too low to perform 
atomic layer deposition, the most reactive surface sites, the oxygen dangling bonds and 
undercoordinated oxygens associated with Ni vacancies, were found to selectively reactive with 
our precursor gas, trimethyl aluminum. With deposition rates that correspond to ~0.25 
monolayers per pulse, we showed that the site-selective passivation was highly advantageous 
over atomic layer deposition.  The temperature-dependent chemistry was well explored through 
110 
x-ray photoelectron spectroscopy, electrochemistry, and absorbance spectroscopy. The TAD of 
Al treatment on NiO resulted in substantial improvements in the material properties and in all 
photovoltaic device metrics such as a nearly 3-fold increase in overall photoconversion 
efficiency, an increase in the Voc to the theoretical limit, a beneficial decrease in the Jo by nearly 
100-fold, an increase in charge carrier lifetimes by >10-fold, complete electronic bleaching of 
trap states above the valence band edge, and an optical bleaching of the films.  
The TAD of Al treatment was proven to be generic to multiple nanoparticle forms of NiO 
and is generalizable to different nanomaterials. In order to further evidence the generic nature of 
the TAD process, we changed the experimental parameters from pulsing two precursors to the 
continuous flow of one: diborane. The diffuse exposure in an ALD chamber was also changed to 
laminar flow in a chemical vapor deposition system. Performing a TAD of B was proven to 
again site-selectively passivate the surface defect sites in NiO. Optical and electronic bleaching 
was confirmed through absorbance spectroscopy and electrochemical techniques. The electronic 
passivation was, however, shown to be incomplete leading to only a modest increase in the p-
DSSC device performance. Theoretical exploration on the nature of bleach from a TAD of B is 
ongoing. 
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APPENDIX 
 
Table 0.1. Average photovoltaic characteristics for as-deposited TAD. 
# of 
TAD 
Jsc 
(mA/cm2) 
Voc 
(mV) 
FF 
(%) 
PCE 
(%) 
Jo 
(A/cm2) 
Ideality 
Factor 
0 1.04 ± 0.11 127 ± 3 28.5 ± 0.3 0.038 ± 0.004 6 ± 3 (·10-6) 1.5 ± 0.1 
1 0.83 ± 0.06 259.2 ± 0.8 35.0 ± 0.6 0.076 ± 0.006 6.2 ± 0.8 (·10-7) 1.89 ± 0.07 
2 0.40 ± 0.06 294 ±4 36.7 ± 0.2 0.044 ± 0.006 3.6 ± 0.3 (·10-7) 2.21 ± 0.09 
3 0.23 ± 0.01 282 ± 8 36.3 ± 0.2 0.024 ± 0.002 7 ± 5 (·10-7) 2.7 ± 0.4 
4 0.11 ± 0.01 254 ± 2 35.4 ± 0.9 0.010 ± 0.001 5 ± 1 (·10-7) 2.8 ± 0.3 
5 0.04 ± 0.01 210 ± 10 33 ± 1 0.003 ± 0.001 9 ± 4 (·10-7) 3.4 ± 0.8 
 
Table 0.2. Average photovoltaic characteristics for post-annealed TAD. 
# of 
TAD 
Jsc 
(mA/cm2) 
Voc 
(mV) 
FF 
(%) 
PCE 
(%) 
Jo 
(A/cm2) 
Ideality 
Factor 
0 0.93 ± 0.11 117 ± 4 27.9 ± 0.1 0.030 ± 0.004 1.0 ± 0.2 (·10-5) 1.57 ± 0.03 
1 1.15 ± 0.06 212 ± 4 33.3 ± 0.7 0.081 ± 0.001 1.0 ± 0.2 (·10-6) 1.52 ± 0.08 
2 0.87 ± 0.08 259 ±4 33.1 ± 0.4 0.075 ± 0.006 5 ± 3 (·10-7) 1.8 ± 0.1 
3 0.54 ± 0.04 274 ± 3 30.8 ± 0.9 0.045 ± 0.004 3.1 ± 0.6 (·10-7) 1.98 ± 0.06 
4 0.32 ± 0.07 264 ± 3 32.0 ± 0.3 0.027 ± 0.007 4 ± 1 (·10-7) 2.2 ± 0.2 
5 0.14 ± 0.01 229 ± 5 30.1 ± 0.2 0.0093 ± 0.0007 3 ± 1(·10-7) 2.1 ± 0.1 
 
Table 0.3. Photovoltaic characteristics of champion devices with as-deposited TAD. 
# of 
TAD 
Jsc 
(mA/cm2) 
Voc 
(mV) 
FF 
(%) 
PCE 
(%) 
Jo 
(A/cm2) 
Ideality 
Factor 
0 1.18 129 28.7 0.044 7.02E-06 1.49 
1 0.87 260 35.8 0.081 5.55E-07 1.84 
2 0.48 291 36.7 0.051 3.28E-07 2.08 
3 0.25 291 36.4 0.027 3.66E-07 2.48 
4 0.12 257 36.3 0.011 5.17E-07 2.69 
5 0.06 223 34.2 0.005 5.41E-07 2.67 
 
 
Table 0.4. Photovoltaic characteristics of champion devices with post-annealed TAD. 
# of 
TAD 
Jsc 
(mA/cm2) 
Voc 
(mV) 
FF 
(%) 
PCE 
(%) 
Jo 
(A/cm2) 
Ideality 
Factor 
0 1.06 120 27.8 0.035 8.97E-06 1.52 
112 
1 1.22 208 32.5 0.082 9.17E-07 1.46 
2 0.99 256 33.0 0.084 3.44E-07 1.68 
3 0.59 267 30.4 0.048 4.32E-07 2.02 
4 0.43 267 32.3 0.037 2.43E-07 1.91 
5 0.15 223 30.2 0.010 3.93E-07 2.06 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
113 
REFERENCES 
 
1. Administration, E. I., Annual Energy Outlook 2015. Administration, U. S. E. I., Ed. 
Online, 2015. 
2. Agency, I. E., World Energy Outlook Factsheet. IEA: Online, 2015. 
3. Asif, M.; Muneer, T., Energy Supply, Its Demand and Security Issues for Developed and 
Emerging Economies. Renewable and Sustainable Energy Reviews 2007, 11 (7), 1388-1413. 
4. Administration, U. S. E. I., International Energy Statistics. Energy, U. S. D. o., Ed. 
Online, 2015. 
5. Note that the data was converted from Quadrillion's of BTU's to Joules. 
6. Hoffert, M. I.; Caldeira, K.; Jain, A. K.; Haites, E. F.; Harvey, L. D. D.; Potter, S. D.; 
Schlesinger, M. E.; Schneider, S. H.; Watts, R. G.; Wigley, T. M. L.; Wuebbles, D. J., Energy 
Implications of Future Stabilization of Atmospheric CO2 Content. Nature. 1998, 395 (6705), 
881-884. 
7. Schiermeier, Q.; Tollefson, J.; Scully, T.; Witze, A.; Morton, O., Energy Alternatives: 
Electricity without Carbon. Nature. 2008, 454 (7206), 816-23. 
8. Board, N. E., A Task of Terawatts. Nature. 2008, 454 (7206), 805-805. 
9. Lewis, N. S., Light Work with Water. Nature. 2001, 414 (6864), 589-590. 
10. Kenisarin, M.; Mahkamov, K., Solar Energy Storage Using Phase Change Materials. 
Renewable and Sustainable Energy Reviews 2007, 11 (9), 1913-1965. 
11. Lewis, N. S.; Nocera, D. G., Powering the Planet: Chemical Challenges in Solar Energy 
Utilization. Proc. Natl. Acad. Sci. 2006, 103 (43), 15729-15735. 
12. Lewis, N. S., Toward Cost-Effective Solar Energy Use. Science. 2007, 315 (5813), 798-
801. 
114 
13. Lin, M.-C.; Gong, M.; Lu, B.; Wu, Y.; Wang, D.-Y.; Guan, M.; Angell, M.; Chen, C.; 
Yang, J.; Hwang, B.-J.; Dai, H., An Ultrafast Rechargeable Aluminium-Ion Battery. Nature. 
2015, 520 (7547), 324-328. 
14. Zhang, C.; Song, H.; Liu, C.; Liu, Y.; Zhang, C.; Nan, X.; Cao, G., Fast and Reversible 
Li Ion Insertion in Carbon-Encapsulated Li3VO4 as Anode for Lithium-Ion Battery. Adv. Funct. 
Mater. 2015, 25 (23), 3497-3504. 
15. Dubal, D. P.; Ayyad, O.; Ruiz, V.; Gomez-Romero, P., Hybrid Energy Storage: The 
Merging of Battery and Supercapacitor Chemistries. Chem. Soc. Rev. 2015, 44 (7), 1777-1790. 
16. Osada, I.; de Vries, H.; Scrosati, B.; Passerini, S., Ionic-Liquid-Based Polymer 
Electrolytes for Battery Applications. Angew. Chem., Int. Ed. 2016, 55 (2), 500-513. 
17. Dunn, B.; Kamath, H.; Tarascon, J.-M., Electrical Energy Storage for the Grid: A Battery 
of Choices. Science. 2011, 334 (6058), 928-935. 
18. Alibabaei, L.; Brennaman, M. K.; Norris, M. R.; Kalanyan, B.; Song, W.; Losego, M. D.; 
Concepcion, J. J.; Binstead, R. A.; Parsons, G. N.; Meyer, T. J., Solar Water Splitting in a 
Molecular Photoelectrochemical Cell. Proc. Natl. Acad. Sci., DOI: 10.1073/pnas.1319628110. 
19. Roy, S. C.; Varghese, O. K.; Paulose, M.; Grimes, C. A., Toward Solar Fuels: 
Photocatalytic Conversion of Carbon Dioxide to Hydrocarbons. ACS Nano 2010, 4 (3), 1259-
1278. 
20. Morris, A. J.; Meyer, G. J.; Fujita, E., Molecular Approaches to the Photocatalytic 
Reduction of Carbon Dioxide for Solar Fuels. Acc. Chem. Res. 2009, 42 (12), 1983-1994. 
21. Lubitz, W.; Reijerse, E. J.; Messinger, J., Solar Water-Splitting into H2 and O2: Design 
Principles of Photosystem II and Hydrogenases. Energy Environ. Sci. 2008, 1 (1), 15-31. 
22. Hill, R.; Bendall, F. A. Y., Function of the Two Cytochrome Components in 
Chloroplasts: A Working Hypothesis. Nature. 1960, 186 (4719), 136-137. 
23. Fujishima, A.; Honda, K., Electrochemical Photolysis of Water at a Semiconductor 
Electrode. Nature. 1972, 238 (5358), 37-38. 
24. Nozik, A. J., P‐N Photoelectrolysis Cells. Appl. Phys. Lett. 1976, 29 (3), 150-153. 
115 
25. Lewerenz, H. J.; Peter, L., Photoelectrochemical Water Splitting: Materials, Processes 
and Architectures. Royal Society of Chemistry: 2013. 
26. Nozik, A. J., Photochemical Diodes. Appl. Phys. Lett. 1977, 30 (11), 567-569. 
27. Song, W.; Chen, Z.; Glasson, C. R. K.; Hanson, K.; Luo, H.; Norris, M. R.; Ashford, D. 
L.; Concepcion, J. J.; Brennaman, M. K.; Meyer, T. J., Interfacial Dynamics and Solar Fuel 
Formation in Dye-Sensitized Photoelectrosynthesis Cells. ChemPhysChem. 2012, 13 (12), 2882-
2890. 
28. Song, W.; Brennaman, M. K.; Concepcion, J. J.; Jurss, J. W.; Hoertz, P. G.; Luo, H.; 
Chen, C.; Hanson, K.; Meyer, T. J., Interfacial Electron Transfer Dynamics for [Ru(bpy)2((4,4′-
PO3H2)2bpy)]2+ Sensitized TiO2 in a Dye-Sensitized Photoelectrosynthesis Cell: Factors 
Influencing Efficiency and Dynamics. J. Phys. Chem. C 2011, 115 (14), 7081-7091. 
29. Song, W.; Glasson, C. R. K.; Luo, H.; Hanson, K.; Brennaman, M. K.; Concepcion, J. J.; 
Meyer, T. J., Photoinduced Stepwise Oxidative Activation of a Chromophore–Catalyst Assembly 
on TiO2. J. Phys. Chem. Lett. 2011, 2 (14), 1808-1813. 
30. Song, W.; Luo, H.; Hanson, K.; Concepcion, J. J.; Brennaman, M. K.; Meyer, T. J., 
Visualization of Cation Diffusion at the TiO2 Interface in Dye Sensitized Photoelectrosynthesis 
Cells (DSPEC). Energy Environ. Sci. 2013, 6 (4), 1240-1248. 
31. Shockley, W.; Queisser, H. J., Detailed Balance Limit of Efficiency of p‐n Junction Solar 
Cells. J. Appl. Phys. 1961, 32 (3), 510-519. 
32. Vos, A. D., Detailed Balance Limit of the Efficiency of Tandem Solar Cells. J. Phys. D: 
Appl. Phys. 1980, 13 (5), 839. 
33. Cahoon, J. F., DSPEC DESIGN. Web, 2015. 
34. Lindquist, S.-E.; Hagfeldt, A.; Södergren, S.; Lindström, H., Charge Transport in 
Nanostructured Thin-film Electrodes. In Electrochemistry of Nanomaterials, Wiley-VCH Verlag 
GmbH: 2007, pp 169-200. 
35. O'Regan, B.; Gratzel, M., A Low-Cost, High-Efficiency Solar Cell based on Dye-
Sensitized Colloidal TiO2 Films. Nature. 1991, 353 (6346), 737-740. 
116 
36. Hagfeldt, A., Brief Overview of Dye-Sensitized Solar Cells. AMBIO 2012, 41 (2), 151-
155. 
37. Gibson, E. A.; Awais, M.; Dini, D.; Dowling, D. P.; Pryce, M. T.; Vos, J. G.; Boschloo, 
G.; Hagfeldt, A., Dye Sensitised Solar Cells with Nickel Oxide Photocathodes Prepared via 
Scalable Microwave Sintering. Phys. Chem. Chem. Phys. 2013, 15 (7), 2411-2420. 
38. Li, L.; Gibson, E. A.; Qin, P.; Boschloo, G.; Gorlov, M.; Hagfeldt, A.; Sun, L., Double-
Layered NiO Photocathodes for p-Type DSSCs with Record IPCE. Adv. Mater. 2010, 22 (15), 
1759-1762. 
39. Nattestad, A.; Ferguson, M.; Kerr, R.; Cheng, Y. B.; Bach, U., Dye-Sensitized Nickel(II) 
Oxide Photocathodes for Tandem Solar Cell Applications. Nanotechnol. 2008, 19 (29), 295304. 
40. Odobel, F.; Pellegrin, Y.; Gibson, E. A.; Hagfeldt, A.; Smeigh, A. L.; Hammarstrom, L., 
Recent Advances and Future Directions to Optimize the Performances of p-Type Dye-Sensitized 
Solar Cells. Coord. Chem. Rev. 2012, 256 (21-22), 2414-2423. 
41. Wang, K.-C.; Jeng, J.-Y.; Shen, P.-S.; Chang, Y.-C.; Diau, E. W.-G.; Tsai, C.-H.; Chao, 
T.-Y.; Hsu, H.-C.; Lin, P.-Y.; Chen, P.; Guo, T.-F.; Wen, T.-C., P-Type mesoscopic Nickel 
Oxide/Organometallic Perovskite Heterojunction Solar Cells. Sci. Rep. 2014,  (4), 4756. 
42. Crossland, E. J. W.; Noel, N.; Sivaram, V.; Leijtens, T.; Alexander-Webber, J. A.; Snaith, 
H. J., Mesoporous TiO2 Single Crystals Delivering Enhanced Mobility and Optoelectronic 
Device Performance. Nature. 2013, 495 (7440), 215-219. 
43. Callister, W. D.; Rethwisch, D. G., Materials Science and Engineering: An Introduction. 
John Wiley & Sons Canada, Limited: 2010. 
44. He, J. J.; Lindstrom, H.; Hagfeldt, A.; Lindquist, S. E., Dye-Sensitized Nanostructured 
Tandem Cell-First Demonstrated Cell with a Dye-Sensitized Photocathode. Sol. Energy Mater. 
Sol. Cells 2000, 62 (3), 265-273. 
45. Le Pleux, L.; Smeigh, A. L.; Gibson, E.; Pellegrin, Y.; Blart, E.; Boschloo, G.; Hagfeldt, 
A.; Hammarstrom, L.; Odobel, F., Synthesis, Photophysical and Photovoltaic Investigations of 
Acceptor-Functionalized Perylene Monoimide Dyes for Nickel Oxide p-Type Dye-Sensitized 
Solar Cells. Energy Environ. Sci. 2011, 4 (6), 2075-2084. 
117 
46. Zhang, X. L.; Zhang, Z.; Chen, D.; Bauerle, P.; Bach, U.; Cheng, Y.-B., Sensitization of 
Nickel Oxide: Improved Carrier Lifetime and Charge Collection by Tuning Nanoscale 
Crystallinity. Chem. Commun. 2012, 48 (79), 9885-9887. 
47. Flynn, C. J.; McCullough, S. M.; Oh, E.; Li, L.; Mercado, C. C.; Farnum, B. H.; Li, W.; 
Donley, C. L.; You, W.; Nozik, A. J.; McBride, J. R.; Meyer, T. J.; Kanai, Y.; Cahoon, J. F., 
Site-Selective Passivation of Defects in NiO Solar Photocathodes by Targeted Atomic 
Deposition. ACS Appl. Mater. Interfaces 2016. 
48. Flynn, C. J.; Oh, E. E.; McCullough, S. M.; Call, R. W.; Donley, C. L.; Lopez, R.; 
Cahoon, J. F., Hierarchically-Structured NiO Nanoplatelets as Mesoscale p-Type Photocathodes 
for Dye-Sensitized Solar Cells. J. Phys. Chem. C 2014, 118 (26), 14177-14184. 
49. Behm, N.; Brokaw, D.; Overson, C.; Peloquin, D.; Poler, J. C., High-Throughput 
Microwave Synthesis and Characterization of NiO Nanoplates for Supercapacitor Devices. J. 
Mater. Sci. 2013, 48 (4), 1711-1716. 
50. D’Amario, L.; Antila, L. J.; Pettersson Rimgard, B.; Boschloo, G.; Hammarström, L., 
Kinetic Evidence of Two Pathways for Charge Recombination in NiO-based Dye-Sensitized 
Solar Cells. J. Phys. Chem. Lett. 2015, 6 (5), 779-783. 
51. D’Amario, L.; Boschloo, G.; Hagfeldt, A.; Hammarström, L., Tuning of Conductivity 
and Density of States of NiO Mesoporous Films used in p-Type DSSCs. J. Phys. Chem. C 2014, 
118 (34), 19556-19564. 
52. Huang, Z.; Natu, G.; Ji, Z.; Hasin, P.; Wu, Y., P-Type Dye-Sensitized NiO Solar Cells: A 
Study by Electrochemical Impedance Spectroscopy. J. Phys. Chem. C 2011, 115 (50), 25109-
25114. 
53. Huang, Z.; Natu, G.; Ji, Z.; He, M.; Yu, M.; Wu, Y., Probing the Low Fill Factor of NiO 
p-Type Dye-Sensitized Solar Cells. J. Phys. Chem. C 2012, 116 (50), 26239–26246. 
54. Ji, Z.; Natu, G.; Wu, Y., Cyclometalated Ruthenium Sensitizers Bearing a 
Triphenylamino Group for p-Type NiO Dye-Sensitized Solar Cells. ACS Appl. Mater. Interfaces 
2013, 5 (17), 8641-8648. 
55. Morandeira, A.; Boschloo, G.; Hagfeldt, A.; Hammarström, L., Photoinduced Ultrafast 
Dynamics of Coumarin 343 Sensitized p-Type-Nanostructured NiO Films. J. Phys. Chem. B. 
2005, 109 (41), 19403-19410. 
118 
56. Natu, G.; Huang, Z.; Ji, Z.; Wu, Y., The Effect of an Atomically Deposited Layer of 
Alumina on NiO in p-Type Dye-Sensitized Solar Cells. Langmuir 2012, 28 (1), 950-956. 
57. Odobel, F.; Pellegrin, Y., Recent Advances in the Sensitization of Wide-Band-Gap 
Nanostructured p-Type Semiconductors. Photovoltaic and Photocatalytic Applications. J. Phys. 
Chem. Lett. 2013, 4 (15), 2551-2564. 
58. Qin, P.; Linder, M.; Brinck, T.; Boschloo, G.; Hagfeldt, A.; Sun, L., High Incident 
Photon-to-Current Conversion Efficiency of p-Type Dye-Sensitized Solar Cells based on NiO 
and Organic Chromophores. Adv. Mater. 2009, 21 (29), 2993-2996. 
59. Renaud, A.; Chavillon, B.; Cario, L.; Pleux, L. L.; Szuwarski, N.; Pellegrin, Y.; Blart, E.; 
Gautron, E.; Odobel, F.; Jobic, S., Origin of the Black Color of NiO Used as Photocathode in p-
Type Dye-Sensitized Solar Cells. J. Phys. Chem. C 2013, 117 (44), 22478-22483. 
60. Sumikura, S.; Mori, S.; Shimizu, S.; Usami, H.; Suzuki, E., Syntheses of NiO 
Nanoporous Films using Nonionic Triblock co-Polymer Templates and Their Application to 
Photo-Cathodes of p-Type Dye-Sensitized Solar Cells. J. Photochem. Photobiol. A-Chem. 2008, 
199 (1), 1-7. 
61. Uehara, S.; Sumikura, S.; Suzuki, E.; Mori, S., Retardation of Electron Injection at 
NiO/Dye/Electrolyte Interface by Aluminium Alkoxide Treatment. Energy Environ. Sci. 2010, 3 
(5), 641-644. 
62. Zhang, X. L.; Huang, F.; Nattestad, A.; Wang, K.; Fu, D.; Mishra, A.; Bauerle, P.; Bach, 
U.; Cheng, Y.-B., Enhanced Open-Circuit Voltage of p-Type DSC with Highly Crystalline NiO 
Nanoparticles. Chem. Commun. 2011, 47 (16), 4808-4810. 
63. Zhu, H.; Hagfeldt, A.; Boschloo, G., Photoelectrochemistry of Mesoporous NiO 
Electrodes in Iodide/Triiodide Electrolytes. J. Phys. Chem. C 2007, 111 (47), 17455-17458. 
64. Dini, D.; Halpin, Y.; Vos, J. G.; Gibson, E. A., The Influence of the Preparation Method 
of NiOx Photocathodes on the Efficiency of p-Type Dye-Sensitized Solar Cells. Coord. Chem. 
Rev. 2015, 304–305, 179-201. 
65. Nattestad, A.; Zhang, X. L.; Bach, U.; Cheng, Y. B., Dye-Sensitized CuAlO2 
Photocathodes for Tandem Solar Cell Applications. J. Photonics Energy 2011, 1. 
119 
66. Yu, M. Z.; Natu, G.; Ji, Z. Q.; Wu, Y. Y., p-Type Dye-Sensitized Solar Cells Based on 
Delafossite CuGaO2 Nanoplates with Saturation Photovoltages Exceeding 460 mV. J. Phys. 
Chem. Lett. 2012, 3 (9), 1074-1078. 
67. Xu, X.; Zhang, B.; Cui, J.; Xiong, D.; Shen, Y.; Chen, W.; Sun, L.; Cheng, Y.; Wang, M., 
Efficient p-Type Dye-Sensitized Solar Cells Based on Disulfide/Thiolate Electrolytes. Nanoscale 
2013, 5 (17), 7963-9. 
68. Yu, M.; Draskovic, T. I.; Wu, Y., Cu(I)-Based Delafossite Compounds as Photocathodes 
in p-Type Dye-Sensitized Solar Cells. Phys. Chem. Chem. Phys. 2014, 16 (11), 5026-5033. 
69. McCullough, S. M.; Flynn, C. J.; Mercado, C. C.; Nozik, A. J.; Cahoon, J. F., 
Compositionally-Tunable Mechanochemical Synthesis of ZnxCo3-xO4 Nanoparticles for 
Mesoporous p-Type Photocathodes. J. Mater. Chem. A 2015, 3 (44), 21990-21994. 
70. Mercado, C. C.; Zakutayev, A.; Zhu, K.; Flynn, C. J.; Cahoon, J. F.; Nozik, A. J., 
Sensitized Zinc–Cobalt–Oxide Spinel p-Type Photoelectrode. J. Phys. Chem. C 2014, 118 (44), 
25340-25349. 
71. Cahoon, J. F., P-Type Materials. Web, 2014. 
72. van de Krol, R.; Liang, Y.; Schoonman, J., Solar Hydrogen Production with 
Nanostructured Metal Oxides. J. Mater. Chem. 2008, 18 (20), 2311-2320. 
73. Perera, I. R.; Daeneke, T.; Makuta, S.; Yu, Z.; Tachibana, Y.; Mishra, A.; Bäuerle, P.; 
Ohlin, C. A.; Bach, U.; Spiccia, L., Application of the tris(acetylacetonato)Iron(III)/(II) Redox 
Couple in p-Type Dye-Sensitized Solar Cells. Angew. Chem., Int. Ed. 2015, 54 (12), 3758-3762. 
74. Svensson, J. S. E. M.; Granqvist, C. G., Electrochromic Hydrated Nickel Oxide Coatings 
for Energy Efficient Windows: Optical Properties and Coloration Mechanism. Appl. Phys. Lett. 
1986, 49 (23), 1566-1568. 
75. Monk, P.; Mortimer, R.; Rosseinsky, D., Electrochromism and Electrochromic Devices. 
Cambridge University Press: Cambridge, 2007. 
76. Wen, R.-T.; Granqvist, C. G.; Niklasson, G. A., Anodic Electrochromism for Energy-
Efficient Windows: Cation/Anion-Based Surface Processes and Effects of Crystal Facets in 
Nickel Oxide Thin Films. Adv. Funct. Mater. 2015, 25 (22), 3359–3370. 
120 
77. Van Zeghbroeck, B., Principles of Semiconductor Devices and Heterojunctions. 1st ed.; 
Prentice Hall PTR: 2010. 
78. Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.; Pettersson, H., Dye-Sensitized Solar Cells. 
Chem. Rev. 2010, 110 (11), 6595-6663. 
79. Wang, P.; Klein, C.; Humphry-Baker, R.; Zakeeruddin, S. M.; Grätzel, M., A High Molar 
Extinction Coefficient Sensitizer for Stable Dye-Sensitized Solar Cells. J. Am. Chem. Soc. 2005, 
127 (3), 808-809. 
80. Qin, P.; Zhu, H.; Edvinsson, T.; Boschloo, G.; Hagfeldt, A.; Sun, L., Design of an 
Organic Chromophore for p-Type Dye-Sensitized Solar Cells. J. Am. Chem. Soc. 2008, 130 (27), 
8570-8571. 
81. Zannotti, M.; Wood, C. J.; Summers, G. H.; Stevens, L. A.; Hall, M. R.; Snape, C. E.; 
Giovanetti, R.; Gibson, E. A., Ni Mg Mixed Metal Oxides for p-Type Dye-Sensitized Solar 
Cells. ACS Appl. Mater. Interfaces 2015, 7 (44), 24556-24565. 
82. Wood, C. J.; Summers, G. H.; Clark, C. A.; Kaeffer, N.; Braeutigam, M.; Carbone, L. R.; 
D'Amario, L.; Fan, K.; Farre, Y.; Narbey, S.; Oswald, F.; Stevens, L. A.; Parmenter, C. D. J.; 
Fay, M. W.; La Torre, A.; Snape, C. E.; Dietzek, B.; Dini, D.; Hammarstrom, L.; Pellegrin, Y.; 
Odobel, F.; Sun, L.; Artero, V.; Gibson, E. A., A Comprehensive Comparison of Dye-Sensitized 
NiO Photocathodes for Solar Energy Conversion. Phys. Chem. Chem. Phys. 2016. 
83. Nattestad, A.; Mozer, A. J.; Fischer, M. K. R.; Cheng, Y. B.; Mishra, A.; Bauerle, P.; 
Bach, U., Highly Efficient Photocathodes for Dye-Sensitized Tandem Solar Cells. Nat. Mater. 
2010, 9 (1), 31-35. 
84. Powar, S.; Wu, Q.; Weidelener, M.; Nattestad, A.; Hu, Z.; Mishra, A.; Bauerle, P.; 
Spiccia, L.; Cheng, Y.-B.; Bach, U., Improved Photocurrents for p-Type Dye-Sensitized Solar 
Cells using Nano-Structured Nickel(ii) Oxide Microballs. Energy Environ. Sci. 2012, 5 (10), 
8896-8900. 
85. Zhang, X. L.; Huang, F. Z.; Nattestad, A.; Wang, K.; Fu, D. C.; Mishra, A.; Bauerle, P.; 
Bach, U.; Cheng, Y. B., Enhanced Open-Circuit Voltage of p-Type DSC with Highly Crystalline 
NiO Nanoparticles. Chem. Commun. 2011, 47 (16), 4808-4810. 
86. Gibson, E. A.; Smeigh, A. L.; Le Pleux, L.; Fortage, J.; Boschloo, G.; Blart, E.; Pellegrin, 
Y.; Odobel, F.; Hagfeldt, A.; Hammarström, L., A p-Type NiO-Based Dye-Sensitized Solar Cell 
with an Open-Circuit Voltage of 0.35 V. Angew. Chem., Int. Ed. 2009, 48 (24), 4402-4405. 
121 
87. Gibson, E. A.; Smeigh, A. L.; Le Pleux, L.; Hammarström, L.; Odobel, F.; Boschloo, G.; 
Hagfeldt, A., Cobalt Polypyridyl-Based Electrolytes for p-Type Dye-Sensitized Solar Cells. J. 
Phys. Chem. C 2011, 115 (19), 9772-9779. 
88. Powar, S.; Daeneke, T.; Ma, M. T.; Fu, D.; Duffy, N. W.; Götz, G.; Weidelener, M.; 
Mishra, A.; Bäuerle, P.; Spiccia, L.; Bach, U., Highly Efficient p-Type Dye-Sensitized Solar 
Cells based on Tris(1,2-diaminoethane)Cobalt(II)/(III) Electrolytes. Angew. Chem., Int. Ed. 
2013, 52 (2), 602-605. 
89. Natu, G.; Hasin, P.; Huang, Z.; Ji, Z.; He, M.; Wu, Y., Valence Band-Edge Engineering 
of Nickel Oxide Nanoparticles via Cobalt Doping for Application in p-Type Dye-Sensitized 
Solar Cells. ACS Appl. Mater. Interfaces 2012, 4 (11), 5922-5929. 
90. Huang, Z.; Zeng, X.; Wang, H.; Zhang, W.; Li, Y.; Wang, M.; Cheng, Y.-B.; Chen, W., 
Enhanced Performance of p-Type Dye Sensitized Solar Cells Based on Mesoporous Ni1-xMgxO 
Ternary Oxide Films. RSC Advances 2014, 4 (105), 60670-60674. 
91. Durand-Keklikian, L.; Haq, I.; Matijevic, E., Preparation and Characterization of Well-
Defined Colloidal Nickel Compounds. Colloids Surf., A 1994, 92 (3), 267-275. 
92. Ito, S.; Murakami, T. N.; Comte, P.; Liska, P.; Grätzel, C.; Nazeeruddin, M. K.; Grätzel, 
M., Fabrication of Thin Film Dye Sensitized Solar Cells with Solar to Electric Power Conversion 
Efficiency over 10%. Thin Solid Films 2008, 516 (14), 4613-4619. 
93. Snaith, H. J., How Should You Measure Your Excitonic Solar Cells? Energy Environ. 
Sci. 2012, 5 (4), 6513-6520. 
94. Zimmermann, E.; Ehrenreich, P.; Pfadler, T.; Dorman, J. A.; Weickert, J.; Schmidt-
Mende, L., Erroneous efficiency reports harm organic solar cell research. Nat Photon 2014, 8 
(9), 669-672. 
95. Snaith, H. J., The Perils of Solar Cell Efficiency Measurements. Nat Photon 2012, 6 (6), 
337-340. 
96. Reynolds, G. A.; Drexhage, K. H., New Coumarin Dyes with Rigidized Structure for 
Flashlamp-Pumped Dye Lasers. Opt. Commun. 1975, 13 (3), 222-225. 
97. Sze, S. M., Semiconductor Devices: Physics and Technology. John Wiley & Sons: 2008. 
122 
98. Sze, S. M.; Ng, K. K., Physics of Semiconductor Devices. Wiley-Interscience: Hoboken, 
N.J., 2007. 
99. Nelson, J., The Physics of Solar Cells. World Scientific: 2003; Vol. 1. 
100. Pu, A.; Deng, J.; Li, M.; Gao, J.; Zhang, H.; Hao, Y.; Zhong, J.; Sun, X., Coupling Ti-
Doping and Oxygen Vacancies in Hematite Nanostructures for Solar Water Oxidation with High 
Efficiency. J. Mater. Chem. A 2014, 2 (8), 2491-2497. 
101. Ebensperger, C.; Meyer, B., First-Principles Study of the Reconstruction and 
hydroxylation of the Polar NiO(111) Surface. Phys. Status Solidi B 2011, 248 (10), 2229-2241. 
102. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; 
Chiarotti, G. L.; Cococcioni, M.; Dabo, I.; Corso, A. D.; Gironcoli, S. d.; Fabris, S.; Fratesi, G.; 
Gebauer, R.; Gerstmann, U.; Gougoussis, C.; Kokalj, A.; Lazzeri, M.; Martin-Samos, L.; 
Marzari, N.; Mauri, F.; Mazzarello, R.; Paolini, S.; Pasquarello, A.; Paulatto, L.; Sbraccia, C.; 
Scandolo, S.; Sclauzero, G.; Seitsonen, A. P.; Smogunov, A.; Umari, P.; Wentzcovitch, R. M., 
Quantum Espresso: A Modular and Open-Source Software Project for Quantum Simulations of 
Materials. J. Phys.: Condens. Matter 2009, 21 (39), 395502. 
103. Vanderbilt, D., Soft Self-Consistent Pseudopotentials in a Generalized Eigenvalue 
Formalism. Phys. Rev. B 1990, 41 (11), 7892-7895. 
104. Monkhorst, H. J.; Pack, J. D., Special Points for Brillouin-Zone Integrations. Phys. Rev. 
B 1976, 13 (12), 5188-5192. 
105. Anisimov, V. I.; Zaanen, J.; Andersen, O. K., Band Theory and Mott Insulators: Hubbard 
U Instead of Stoner I. Phys. Rev. B 1991, 44 (3), 943-954. 
106. Anisimov, V. I.; Solovyev, I. V.; Korotin, M. A.; Czyżyk, M. T.; Sawatzky, G. A., 
Density-Functional Theory and NiO Photoemission Spectra. Phys. Rev. B 1993, 48 (23), 16929-
16934. 
107. Liechtenstein, A. I.; Anisimov, V. I.; Zaanen, J., Density-Functional Theory and Strong 
Interactions: Orbital Ordering in Mott-Hubbard Insulators. Phys. Rev. B 1995, 52 (8), R5467-
R5470. 
108. Cococcioni, M.; de Gironcoli, S., Linear Response Approach to the Calculation of the 
Effective Interaction Parameters in the LDA+U Method. Phys. Rev. B 2005, 71 (3), 035105. 
123 
109. Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized Gradient Approximation Made 
Simple. Phys. Rev. Lett. 1996, 77 (18), 3865-3868. 
110. Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.; Sutton, A. P., Electron-
Energy-Loss Spectra and the Structural Stability of Nickel Oxide: An LSDA+U Study. Phys. 
Rev. B 1998, 57 (3), 1505-1509. 
111. Bengone, O.; Alouani, M.; Blöchl, P.; Hugel, J., Implementation of the Projector 
Augmented-Wave LDA+U Method: Application to the Electronic Structure of NiO. Phys. Rev. B 
2000, 62 (24), 16392-16401. 
112. Bengone, O.; Alouani, M.; Hugel, J.; Blöchl, P., LDA+U Calculated Electronic and 
Structural Properties of NiO(001) and NiO(111) p(2×2) Surfaces. Computational Materials 
Science 2002, 24 (1–2), 192-198. 
113. Rohrbach, A.; Hafner, J.; Kresse, G., Molecular Adsorption on the Surface of Strongly 
Correlated Transition-Metal Oxides: A Case Study for CO/NiO(100). Phys. Rev. B 2004, 69 (7), 
075413. 
114. Zhang, W.-B.; Tang, B.-Y., Stability of the Polar NiO(111) Surface. The Journal of 
Chemical Physics 2008, 128 (12), 124703-5. 
115. Li, L.; Kanai, Y., Antiferromagnetic Structures and Electronic Energy Levels at 
Reconstructed NiO(111) Surfaces: A DFT+U Study. Phys. Rev. B 2015, 91 (23), 235304. 
116. Wolf, D., Reconstruction of NaCl Surfaces from a Dipolar Solution to the Madelung 
Problem. Phys. Rev. Lett. 1992, 68 (22), 3315-3318. 
117. Barbier, A.; Mocuta, C.; Kuhlenbeck, H.; Peters, K. F.; Richter, B.; Renaud, G., Atomic 
Structure of the Polar NiO(111)- p(2×2) Surface. Phys. Rev. Lett. 2000, 84 (13), 2897-2900. 
118. Erdman, N.; Warschkow, O.; Ellis, D. E.; Marks, L. D., Solution of the p(2×2) NiO(111) 
Surface Structure Using Direct Methods. Surf. Sci. 2000, 470 (1–2), 1-14. 
119. Subramanian, A.; Marks, L. D.; Warschkow, O.; Ellis, D. E., Direct Observation of 
Charge Transfer at a MgO(111) Surface. Phys. Rev. Lett. 2004, 92 (2), 026101. 
124 
120. Ciston, J.; Subramanian, A.; Marks, L. D., Water-Driven Structural Evolution of the 
Polar MgO (111) Surface: An Integrated Experimental and Theoretical Approach. Phys. Rev. B 
2009, 79 (8), 085421. 
121. Ciston, J.; Subramanian, A.; Kienzle, D. M.; Marks, L. D., Why the Case for Clean 
Surfaces does not Hold Water: Structure and Morphology of Hydroxylated Nickel Oxide (111). 
Surf. Sci. 2010, 604 (2), 155-164. 
122. Yella, A.; Lee, H. W.; Tsao, H. N.; Yi, C. Y.; Chandiran, A. K.; Nazeeruddin, M. K.; 
Diau, E. W. G.; Yeh, C. Y.; Zakeeruddin, S. M.; Gratzel, M., Porphyrin-Sensitized Solar Cells 
with Cobalt (II/III)-Based Redox Electrolyte Exceed 12 Percent Efficiency. Science. 2011, 334 
(6056), 629-634. 
123. Alibabaei, L.; Luo, H.; House, R. L.; Hoertz, P. G.; Lopez, R.; Meyer, T. J., Applications 
of Metal Oxide Materials in Dye Sensitized Photoelectrosynthesis Cells for Making Solar Fuels: 
Let the Molecules do the Work. J. Mater. Chem. A 2013, 1 (13), 4133-4145. 
124. Concepcion, J. J.; House, R. L.; Papanikolas, J. M.; Meyer, T. J., Chemical Approaches 
to Artificial Photosynthesis. Proc. Natl. Acad. Sci. U.S.A. 2012, 109 (39), 15560-15564. 
125. Osburn, C. M.; Vest, R. W., Defect Structure and Electrical Properties of NiO. 1. High 
Temperature. J. Phys. Chem. Solids 1971, 32 (6), 1331-1342. 
126. Law, M.; Greene, L. E.; Johnson, J. C.; Saykally, R.; Yang, P., Nanowire Dye-Sensitized 
Solar Cells. Nat. Mater. 2005, 4 (6), 455-459. 
127. Warren, S. C.; Voïtchovsky, K.; Dotan, H.; Leroy, C. M.; Cornuz, M.; Stellacci, F.; 
Hébert, C.; Rothschild, A.; Grätzel, M., Identifying Champion Nanostructures for Solar Water-
Splitting. Nat. Mater. 2013, 12, 842-849. 
128. Striemer, C. C.; Gaborski, T. R.; McGrath, J. L.; Fauchet, P. M., Charge- and Size-Based 
Separation of Macromolecules using Ultrathin Silicon Membranes. Nature. 2007, 445 (7129), 
749-753. 
129. Manders, J. R.; Tsang, S.-W.; Hartel, M. J.; Lai, T.-H.; Chen, S.; Amb, C. M.; Reynolds, 
J. R.; So, F., Solution-Processed Nickel Oxide Hole Transport Layers in High Efficiency 
Polymer Photovoltaic Cells. Adv. Funct. Mater. 2013, 23 (23), 2993-3001. 
125 
130. Cattaneo, E.; Reigel, B., Chemistry, Electrochemistry, and Electrochemical Applications | 
Nickel. In Encyclopedia of Electrochemical Power Sources, Garche, J., Ed. Elsevier: 
Amsterdam, 2009, pp 769-809. 
131. Wagner, C. D.; Muilenberg, G. E., Handbook of X-Ray Photoelectron Spectroscopy: A 
Reference Book of Standard Data for Use in X-Ray Photoelectron Spectroscopy. Physical 
Electronics Division, Perkin-Elmer Corp.: 1979. 
132. Ratcliff, E. L.; Meyer, J.; Steirer, K. X.; Garcia, A.; Berry, J. J.; Ginley, D. S.; Olson, D. 
C.; Kahn, A.; Armstrong, N. R., Evidence for Near-Surface NiOOH Species in Solution-
Processed NiOx Selective Interlayer Materials: Impact on Energetics and the Performance of 
Polymer Bulk Heterojunction Photovoltaics. Chem. Mater. 2011, 23 (22), 4988-5000. 
133. Brown, A. B. D.; Clarke, S. M.; Rennie, A. R., Ordered Phase of Platelike Particles in 
Concentrated Dispersions. Langmuir 1998, 14 (11), 3129-3132. 
134. Gelderman, K.; Lee, L.; Donne, S. W., Flat-Band Potential of a Semiconductor: Using 
the Mott–Schottky Equation. J. Chem. Educ. 2007, 84 (4), 685. 
135. Snaith, H. J.; Grätzel, M., Electron and Hole Transport through Mesoporous TiO2 
Infiltrated with Spiro-MeOTAD. Adv. Mater. 2007, 19 (21), 3643-3647. 
136. Chen, D.-H.; Hsieh, C.-H., Synthesis of Nickel Nanoparticles in Aqueous Cationic 
Surfactant Solutions. J. Mater. Chem. 2002, 12 (8), 2412-2415. 
137. Odobel, F.; Le Pleux, L. c.; Pellegrin, Y.; Blart, E., New Photovoltaic Devices Based on 
the Sensitization of p-Type Semiconductors: Challenges and Opportunities. Acc. Chem. Res. 
2010, 43 (8), 1063-1071. 
138. Reetz, M. T.; Westermann, E., Phosphane-Free Palladium-Catalyzed Coupling Reactions: 
The Decisive Role of Pd Nanoparticles. Angew. Chem., Int. Ed. 2000, 39 (1), 165-168. 
139. Zheng, G.; Lee, S. W.; Liang, Z.; Lee, H.-W.; Yan, K.; Yao, H.; Wang, H.; Li, W.; Chu, 
S.; Cui, Y., Interconnected Hollow Carbon Nanospheres for Stable Lithium Metal Anodes. Nat. 
Nanotechnol. 2014, 9 (8), 618-623. 
140. Liu, J.; Lu, Y., Fast Colorimetric Sensing of Adenosine and Cocaine based on a General 
Sensor Design involving Aptamers and Nanoparticles. Angew. Chem., Int. Ed. 2006, 45 (1), 90-
94. 
126 
141. Hines, D. A.; Kamat, P. V., Recent Advances in Quantum Dot Surface Chemistry. ACS 
Appl. Mater. Interfaces 2014, 6 (5), 3041-3057. 
142. Lee, J.-S.; Kovalenko, M. V.; Huang, J.; Chung, D. S.; Talapin, D. V., Band-like 
Transport, High Electron Mobility and High Photoconductivity in All-Inorganic Nanocrystal 
Arrays. Nat. Nanotechnol. 2011, 6 (6), 348-352. 
143. Nozik, A. J., Quantum Dot Solar Cells. Physica E: Low-Dimensional Systems and 
Nanostructures 2002, 14 (1-2), 115-120. 
144. Kamat, P. V., Quantum Dot Solar Cells. Semiconductor Nanocrystals as Light 
Harvesters. J. Phys. Chem. C 2008, 112 (48), 18737-18753. 
145. Mariani, G.; Scofield, A. C.; Hung, C.-H.; Huffaker, D. L., GaAs Nanopillar-Array Solar 
Cells Employing in situ Surface Passivation. Nat Commun 2013, 4, 1497. 
146. McDonnell, S.; Addou, R.; Buie, C.; Wallace, R. M.; Hinkle, C. L., Defect-Dominated 
Doping and Contact Resistance in MoS2. ACS Nano 2014, 8 (3), 2880-2888. 
147. Jeong-Yuan, H.; Chun-Chiang, K.; Li-Chyong, C.; Kuei-Hsien, C., Correlating Defect 
Density with Carrier Mobility in Large-Scaled Graphene Films: Raman Spectral Signatures for 
the Estimation of Defect Density. Nanotechnol. 2010, 21 (46), 465705. 
148. Kim, K.; Lee, H.-B.-R.; Johnson, R. W.; Tanskanen, J. T.; Liu, N.; Kim, M.-G.; Pang, C.; 
Ahn, C.; Bent, S. F.; Bao, Z., Selective Metal Deposition at Graphene Line Defects by Atomic 
Layer Deposition. Nat. Commun. 2014, 5, 4781. 
149. Guijarro, N.; Prevot, M. S.; Sivula, K., Surface Modification of Semiconductor 
Photoelectrodes. Phys. Chem. Chem. Phys. 2015, 17 (24), 15655-15674. 
150. Yuan, Y. F.; Xia, X. H.; Wu, J. B.; Yang, J. L.; Chen, Y. B.; Guo, S. Y., Hierarchically 
Ordered Porous Nickel Oxide Array Film with Enhanced Electrochemical Properties for Lithium 
Ion Batteries. Electrochem. Commun. 2010, 12 (7), 890-893. 
151. Fominykh, K.; Chernev, P.; Zaharieva, I.; Sicklinger, J.; Stefanic, G.; Döblinger, M.; 
Müller, A.; Pokharel, A.; Böcklein, S.; Scheu, C.; Bein, T.; Fattakhova-Rohlfing, D., Iron-Doped 
Nickel Oxide Nanocrystals as Highly Efficient Electrocatalysts for Alkaline Water Splitting. 
ACS Nano 2015, 9 (5), 5180-5188. 
127 
152. Leskelä, M.; Ritala, M., Atomic Layer Deposition Chemistry: Recent Developments and 
Future Challenges. Angew. Chem., Int. Ed. 2003, 42 (45), 5548-5554. 
153. Päiväsaari, J.; Putkonen, M.; Sajavaara, T.; Niinistö, L., Atomic Layer Deposition of 
Rare Earth Oxides: Erbium Oxide Thin Films from β-diketonate and Ozone Precursors. J. Alloys 
Compd. 2004, 374 (1–2), 124-128. 
154. Lim, J.; Lee, C., Effects of Substrate temperature on the Microstructure and 
Photoluminescence Properties of ZnO Thin Films Prepared by Atomic Layer Deposition. Thin 
Solid Films 2007, 515 (7–8), 3335-3338. 
155. Lie, M.; Fjellvåg, H.; Kjekshus, A., Growth of Fe2O3 Thin Films by Atomic Layer 
Deposition. Thin Solid Films 2005, 488 (1–2), 74-81. 
156. Cassir, M.; Goubin, F.; Bernay, C.; Vernoux, P.; Lincot, D., Synthesis of ZrO2 Thin 
Films by Atomic Layer Deposition: Growth Kinetics, Structural and Electrical Properties. Appl. 
Surf. Sci. 2002, 193 (1–4), 120-128. 
157. He, H.; Alberti, K.; Barr, T. L.; Klinowski, J., ESCA Studies of Aluminophosphate 
Molecular Sieves. The Journal of Physical Chemistry 1993, 97 (51), 13703-13707. 
158. Kulik, H. J., Perspective: Treating Electron Over-Delocalization with the DFT+U 
Method. The Journal of Chemical Physics 2015, 142 (24), 240901. 
159. Prasittichai, C.; Avila, J. R.; Farha, O. K.; Hupp, J. T., Systematic Modulation of 
Quantum (Electron) Tunneling Behavior by Atomic Layer Deposition on Nanoparticulate SnO2 
and TiO2 Photoanodes. J. Am. Chem. Soc. 2013, 135 (44), 16328-16331. 
160. Peters, G. P.; Andrew, R. M.; Boden, T.; Canadell, J. G.; Ciais, P.; Le Quere, C.; 
Marland, G.; Raupach, M. R.; Wilson, C., The Challenge to Keep Global Warming Below 2 °C. 
Nature Clim. Change 2013, 3 (1), 4-6. 
161. Parida, B.; Iniyan, S.; Goic, R., A Review of Solar Photovoltaic Technologies. 
Renewable and Sustainable Energy Reviews 2011, 15 (3), 1625-1636. 
162. Alibabaei, L.; Sherman, B. D.; Norris, M. R.; Brennaman, M. K.; Meyer, T. J., Visible 
Photoelectrochemical Water Splitting into H2 and O2 in a Dye-Sensitized Photoelectrosynthesis 
Cell. Proc. Natl. Acad. Sci. 2015, 112 (19), 5899-5902. 
128 
163. Knauf, R. R.; Kalanyan, B.; Parsons, G. N.; Dempsey, J. L., Charge Recombination 
Dynamics in Sensitized SnO2/TiO2 Core/Shell Photoanodes. J. Phys. Chem. C 2015, 119 (51), 
28353-28360. 
164. Lapides, A. M.; Sherman, B. D.; Brennaman, M. K.; Dares, C. J.; Skinner, K. R.; 
Templeton, J. L.; Meyer, T. J., Synthesis, Characterization, and Water Oxidation by a Molecular 
Chromophore-Catalyst Assembly Prepared by Atomic Layer Deposition. The "Mummy" 
Strategy. Chemical Science 2015, 6 (11), 6398-6406. 
165. Wu, F.; Liu, J.; Li, X.; Song, Q.; Wang, M.; Zhong, C.; Zhu, L., D–A–A-Type Organic 
Dyes for NiO-Based Dye-Sensitized Solar Cells. Eur. J. Org. Chem. 2015, 2015 (31), 6850-
6857. 
166. Sheibani, E.; Zhang, L.; Liu, P.; Xu, B.; Mijangos, E.; Boschloo, G.; Hagfeldt, A.; 
Hammarstrom, L.; Kloo, L.; Tian, H., A Study of Oligothiophene-Acceptor Dyes in p-Type Dye-
Sensitized Solar Cells. RSC Advances 2016, 6 (22), 18165-18177. 
167. Click, K. A.; Beauchamp, D. R.; Huang, Z.; Chen, W.; Wu, Y., Membrane-Inspired 
Acidically Stable Dye-Sensitized Photocathode for Solar Fuel Production. J. Am. Chem. Soc. 
2016, 138 (4), 1174-1179. 
168. Click, K. A.; Beauchamp, D. R.; Garrett, B. R.; Huang, Z.; Hadad, C. M.; Wu, Y., A 
Double-Acceptor as a Superior Organic Dye Design for p-type DSSCs: High Photocurrents and 
the Observed Light Soaking Effect. Phys. Chem. Chem. Phys. 2014, 16 (47), 26103-26111. 
169. Langmar, O.; Ganivet, C. R.; Lennert, A.; Costa, R. D.; de la Torre, G.; Torres, T.; Guldi, 
D. M., Combining Electron-Accepting Phthalocyanines and Nanorod-like CuO Electrodes for p-
Type Dye-Sensitized Solar Cells. Angew. Chem. 2015, 127 (26), 7798-7802. 
170. Jiang, T.; Bujoli-Doeuff, M.; Farre, Y.; Blart, E.; Pellegrin, Y.; Gautron, E.; Boujtita, M.; 
Cario, L.; Odobel, F.; Jobic, S., Copper Borate as a Photocathode in p-Type Dye-Sensitized 
Solar Cells. RSC Advances 2016, 6 (2), 1549-1553. 
171. Luz, A.; Conradt, J.; Wolff, M.; Kalt, H.; Feldmann, C., P-DSSCs with BiOCl and BiOBr 
Semiconductor and Polybromide Electrolyte. Solid State Sci. 2013, 19, 172-177. 
172. Weidmann, J.; Dittrich, T.; Konstantinova, E.; Lauermann, I.; Uhlendorf, I.; Koch, F., 
Influence of Oxygen and Water Related Surface Defects on the Dye Sensitized TiO2 Solar Cell. 
Sol. Energy Mater. Sol. Cells 1999, 56 (2), 153-165. 
